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PREFACE
The U n ive rs ity  o ffe rs  several routes to  the degree o f  MSc(Eng), The one 
chosen by th e  a u tho r was by advanced coursework and a fo u r month f u l l  
tfrne e q u iv a le n t research  p ro je c t .  T h is  re p o r t  subm itted  r e f le c t s  the 
la t t e r  component o f the degree requirements.
Such p ro je c t  re p o r ts  are to  take  th e  form  p r im a r i ly  o f  a paper fo r  
p u b lic a t io n  and# where a p p ro p r ia te , supported by appendices o r  o th e r 
documents. The paper 1s thus Intended to  stand by I t s e l f ,  w ith  separate 
abs trac t/ f igu res* references and acknowledgments. The appendices are 
provided la rg e ly  fo r  In te rn a l use by fu tu re  researchers a t  the Univer­
s i t y  re qu iring  a more complete record o f the p ro je c t.
The fo rm a t o f  t h is  paper Is  1n keeping w ith  th a t  o f  publ Ic a t lo n s  o f  the 
S o c ie ty  o f  A u tom otive  Engineers (SAE). The Intended reade rsh ip  are 
engineers xho are not necessarily  fa m ilia r  w ith  the p r in c ip le s  o f  lean- 
burn operation o f In te rna l combustion engines.
ABSTRACT
Lean burn com bustion has lo n g  been recognised as a means o f  In c re a s in g  
engine e ff ic ie n c y  and reducing p o llu ta n t emissions. In  th is  study# the 
com m issioning and te s t in g  o f  a p a r t ic u la r  form  o f  such an engine Is  
reported. The engine Is  a two-stroke, tw o-cyl W e r  machine# the p is tons 
o f  which move In unison. An in te r -c y lin d e r  connecting po rt was Intended 
to  a llo w  vary  lean m ixtures to  be re l ia b ly  Ign ited  in  one c y lin d e r , by a 
flam e to rc h  t r a v e l l i n g  th rough th is  p o r t  from the  other approximately 
s to lc h lo in e tr lc a lly  charged c y lin d e r. Lack o f primary balance was found 
to  lead  to  e x c e s s iv e  v ib r a t io n  a t  speeds o v e r 2000 rpm. The te s ts  
In d ic a te  th a t  th e  des ign  o f  th e  combustion chambers (a t p re se n t o f  the  
disc type) and o f the  In te r -c y lin d e r  connecting p o rt are u n sa tis fa c to ry ' 
Recommendations on the  redesign o f  the engine (o r the possib le  replace­
ment o f the engine w ith  a b e tte r balanced model) and o f  the  te s t  f a c i l i t y  
in  the  in te re s ts  o f  Improved system perform ance and r e l i a b i l i t y  are 
provided. The m ate ria l Is  presented b r ie f ly  In the  form o f  a paper fo r  
pu b lica tio n  and in  a number o f  supportive appendices.
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ABSTRACT
Lean burn com bustion has long  been recogn ised  as a means o f  in c re a s in g  
engine e ff ic ie n c y  and reducing p o llu ta n t emissions. In  th is  paper, the  
com m ission ing and te s t in g  o f  a p a r t ic u la r  form o f  such an engine Is  
reported. The engine Is a tw o-stroke , tw o -cy lin d e r machine, the pistons 
o f  which move In unison. An In te r -c y lin d e r  connecting po rt was Intended 
to  a llo w  lean  m ixtures to  be re l ia b ly  Ig n ite d  in  one c y lin d e r, by a flame 
to rch  t r a v e l l in g  through th is  po rt from the o ther approximately s to lc h lo -  
m e tr lc a lly  charged c y lin d e r. Lack o f  primary balance was found tb  lead 
to  excessive v ib ra tio n  a t speeds over 2000 rpm. The te s ts  Ind ica te  th a t  
th e  des ign  o f  th e  com bustion chambers ( a t  p re se n t o f  th e  d is c  type ) and 
o f  th e  I n te r - c y l  in d e r co nnec ting  p o r t  a re  u n s a t is fa c to ry .  Recommend­
a tions  on th e  redesign o f  the engine (o r the  possib le  replacement o f  the 
engine w ith  a b e t te r  balanced model) and o f  th e  t e s t  f a c i l i t y  in  th e  
In te re s ts  o f  Improved system performance and r e l i a b i l i t y  are presented.
INTRODUCTION
Both lean  burn (LB) and s t r a t i  f le d  charge (SC) re c ip ro c a tin g  In te rn a l 
com bustion (IC ) engines o pe ra te  w ith  an o v e r a l l  a 1 r - fu e l r a t io  (APR) 
co n s id e ra b ly  h ig h e r (weaker) than th a t  o f  co n ve n tio n a l engines (3). 
Numerous techniques are used to  a llo w  operation beyon't the lean m is f ire
1 im it  o f  c o n v e n tio n a l eng ines, and some o f  these  are d iscussed in  th e  
fo llo w in g  section.
The two major m otiva to rs  fo r  f in d in g  a replacement fo r  the conventional 
spark Ig n i t io n  (S I) engine a re  th e  need to  decrease th e  em iss ions o f  
hydrocarbons <HC)» carbon monoxide (CO) and oxides o f  n itrogen (N0X)» and 
to  Improve fu e l economy.
F u rth e r, th e  above Improvements a re  requ ire d  to  be achieved w ith o u t 
s a c r if ic in g  engine performance. A g rea t step in  the reduction o f  to x ic  
emission o f  p o llu ta n ts  would be the use o f  unleaded fu e l.  This u s u a lly  
Im p lies th a t  the  compression ra t io  (CR) has to  be lowered, re s u lt in g  in  
reduced performance and g re a te r  fu e l consum ption as th e  le a n  m is f ir e  
l im i t  1s decreased to  a r ic h e r mixture.
An a d d itio n a l advantage o f  LB operation ts  the Improvement In the thermal 
e ff ic ie n c y  o f  the engine cyc le . Thermal e ff ic ie n c y  Is  d ir e c t ly  re la ted  
to  th e  CR o f  th e  eng ine , which can a lw ays be ra ise d  when LB techn iques  
are used. A fu r th e r advantage 1s th a t most production LB eng.nes do not 
requ ire  c a ta ly t ic  convertors to  meet emission s p e c ific a tio n  laws In  the 
United States a t  present, and In European countries In the near fu tu re .
Lean burn research has a ls o  provided a re v iv a l o f  In te re s t In the  two- 
s tro k e  c y c le  engine, d t  p re s e n t, tw o -s tro k e  engines are used la r g e ly  
where u l t r a  h igh  performance Is  re q u ire d  (m o to rcyc le  ra c in g ) o r  where 
cheapness and operation ove r a lim ite d  speed range are sought (generator 
motors, lawnmowers). The former use d ic ta te s  la rg e  c y lin d e r  p o rt areas 
and re s u l ts  In  h igh  em iss ion  o f  p o l lu ta n ts  a t  p a r t  lo a d , h igh  fu e l 
consum ption and e r r a t ic  o p e ra tio n  a t  low  lo a d . By us ing  LB techn iques
these disadvantages may be overcome, w h ils t  re ta in ing  the advantages o f  
simple construction  and high performance.
Production examples o f LB engines a lready e x is t. The b e tte r known auto­
m ob ile  models are th e  Honda CVCC, th e  Ford PROCO and th e  Jaguar X3S. 
Numerous research and developm ent programs aimed a t LB designs hav ing  
Improved em ission and perform ance c h a ra c te r is t ic s ,  and reduced f»-o1 
consumption are In progress world-w ide. The p ro je c t here reported forms 
a small p a rt o f th is  o v e ra ll e f fo r t .
The s p e c i f i c  o b je c t iv e s  o f  th e  p r o je c t  were to  c o m p le te  th e  
In s tru m e n ta tio n  and th e  p re l Im ln a ry  te s t in g  o f  th e  lean  burn research 
engine which is  under study In our labo ra to ry .
LEAN BURN TECHNIQUES
The te rm s Mean burn ' and 's t r a t i f i e d  charge1 d i f f e r  In  s ig n if ic a n c e , 
although they have been used Interchangeably on occasion. In  some engine 
designs both techniques are app lied  to  achieve the common o b je c tiv e  o f 
low emissions from lean o v e ra ll m ixtures.
Lean burn engines g e n e ra lly  u t i l i z e  a f i n i t e  number (between one and 
three) m ixtures o f d if fe re n t AFR'S. In  a ty p ic a l lean burn engine, r ic h  
m ix tu re  1s Ig n ite d  in  a p re-com bustion  chamber and th e  flam e f r o n t  
subsequen tly  propagates In to  th e  main chamber ( v ia  an o r i f i c e )  which 
c o n ta in s  a weaker m ix tu re  (F ig u re  1). An LB engine us ing  o q ly  one 
homogeneous AFR would need to  generate very high mixture turbu lence  to  
guarantee re lia b le  Ig n it io n .
S t r a t i f ie d  charge eng ines, on th e  o th e r  hand, c re a te  a con tinuous  
g rad ien t o f  varying AFR in  a l l  th ree  dimensions, based on density  d i f f e r ­
ences. No physica l boundary e x is ts  between these la ye rs , and the process 
Is  o fte n  Improved by c a re fu l des ign  to  ach ieve  s w ir l  o f  th e  Incoming 
m ixture.
Figure 1 -  Example o f  lean burn operation 1n enj i prechamber
The above d e f in i t io n s  co v e r many o f  th e  In d iv id u a l LB techn iques  o r 
components be ing researched? pre-com bustion chambers, flam e to rc h  
ig n it io n *  high tu rbu lence, s w ir l e tc . A dd itiona l techniques th a t have 
been s tu d ie d  in c lu d e  h igh  energy Ig n i t io n  systems, engine c o n tro l by 
v a ry in g  th e  o v e r a l l  AFR ( ra th e r  than th e  f lo w  ra te  o f  a m ix tu re  o f  
co n s ta n t AFR as in  c o n v e n tio n a l 1 y a s p ira te d  de s ig n s ), p re -h e a tin g  th e  
incoming m ix tu re  ( to  Improve m ix tu re  hom ogenlty). and d ir e c t  fu e l 
in je c t io n  ( to  c re a te  an Ig n lta b le  m ix tu re  around th e  spark p lu g ) . A11 
p resen t LB engine des igns use a com bina tion  o f  some o f  the  above 
techniques.
DESCRIPTION OF ENGINE
The research engine te s te d  in  t h is  p ro je c t  Is  an e x te n s iv e ly  m od ified  
version  o f  the  Yamaha 55 BM, an outboard engine fo r  marine app lica tions . 
T h is  Is  a tw o -cyH nder»  n o rm a lly  a s p ira te d  (two c a rb u re tto rs  on th e  
crankcase sfde) two-stroke engine having a rated maximum power o f  40 kW 
and to ta l swept volume o f 750 cnr* (bore x stroke = 82 x 72 mm).
Lean burn operation was achieved by using one o f the cy lin d e rs  as a type 
o f  p re -com bustion chamber. The c ra n k s h a ft v  m od ified  so th a t  both 
p is to n s  move In  un ison , and th e  ig n i t io n  system was a lte re d  such th a t 
both spark p lugs f i r e  together. A new s in g le -p ie ce  aluminium c y lin d e r 
head was manufactured, w ith  d isc  type combustion chambers and c e n tra l ly
1 ocated spark p i ugs (F ig u re  2). The o r  i f  fee a 11 owing th e  flam e  to rc h  
from the pre-combust1on chamber (c a lle d  the m ixture c y lin d e r)  to  tra v e l 
to  the main chamber (c a lle d  the a i r  c y lin d e r) , 1s wide and sha llow  (40 x
2 nun), the  cross-secttona? area having been se lected on the basis o f  the 
work o f  H lrako  and Kataoka (2) by Nel and O’ B rie n  (3). T h is  o r l  f le e  w i l l  
he n ce fo rth  be re fe rre d  to  as th e  1 n te r -c y l 1nder connec ting  (ICC) p o r t. 
When assembled, th e  nom inal and e f f e c t iv e  compression r a t io s  o f  each 
c y lin d e r were c a lcu la te d  to  be 8:1 and 5,3:1 re sp e c tive ly . The carburet­
to r s  were a l so m od ified  to  a l l  ow th e  AFR o f  each c y l fn d e r charge to  be 
varied  during  operation by In s ta l l in g  needles to  t h r o t t le  the main fue l 
je ts .
F u rth e r m o d if ic a tio n s  In c lu d e d  th e  replacement o f  the standard magneto 
typo Ig n it io n  w ith  a new system u t i l i z in g  a standard b reaker-po ln t and 
cam system w ith  no automatfc advance. Thus# the Ig n it io n  tim ing  could be 
e a s ily  adjusted manually w h ile  the engine was running. The engine was 
mounted onto a te s t  bed and a ligned w ith  a water brake dynamometer, power 
tra n s m is s io n  be ing  accompl fshed u s ing  a Fenner 130 HRC coup! in g . The 
engine thus la y  on I t s  side w ith  the  crankshaft In a horizon ta l p o s ition . 
Since th e  engine In  th e  outboard m otor form  Is  mounted v e r t i c a l l y ,  a 
redesigned c a rb u re t to r  I n l e t  m a n ifo ld  was necessary f o r  th e  p resen t
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Figure 2 -  Schematic o f combustion chambers modified fo r iean bum 
operation (not to scale)
The grav I t y  fu e l feed system d id  no t appear to  be suppl y lng  fu e l a t  a 
s u f f ic ie n t ly  high pressure. To so lve  th is  problem, and to  a llo w  f i t t i n g  
o f  a fu e l f i l t e r  in to  each lin e ,  two diaphragm e le c t r ic  fu e l pumps were 
in s ta l le d  before each ca rbu re tto r.
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Figure 3 -  Research engine: mode o f  operation
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Phase
The an tic ipa ted  mode o f  operation is  shown in  Figure 3. As both pistons 
tra v e l towards top dead centre (TDC), each chamber has received i t s  fresh 
charge pumped from the crankcase. During LB operation, c y lin d e r I  (the 
m ixture c y lin d e r)  receives a c lose  to  s to ich iom e tric  m ixture and c y lin d e r
2 (the a i r  c y lin d e r)  receives a very  lean m ixture (Figure 3 , phase 1).
D u ring  phase 2, th e  co n te n ts  o f  both c y l in d e rs  are compressed to  equal 
p re ssu re  and spark Ig n i t io n  occurs. However, th e  charge In  th e  a i r  
c y lin d e r  Is  too  weak to  support combustion and o n ly  the m ixture iy l in d e r  
f ir e s .  The ICC p o rt perm its a to rch  o f  flame to  propagate In to  th e  a i r  
c y lin d e r  thus ig n it in g  i t s  charge.
F in a l l y  in  phase 3 , both c y l In d e rs  t r a v e l  towards bottom  dead c e n tre  
(BDC), exp e llin g  the burnt gases through the exhaust po rts .
DESIGNS RELATED TO THE RESEARCH ENGINE
According to  the engine c la s s if ic a t io n  method o f Uyehara e t  a l (4)» the 
research  engine Is  a re c ip ro c a t in g  IC engine using th e  lean  burn te c h ­
niques w ith  two homogeneous m ixtures (one in  each c y lin d e r) , d ire c t  spark 
I g n i t io n  In  th e  m ix tu re  c y l in d e r ,  spark to rc h  ig n i t io n  In  th e  a i r  
c y l in d e r ,  and in d u c tio n  o f  th e  Ig n i t io n  m ix tu re  by a separa te  i n l e t  
m a n ifo l d and v a l ve (o r t r a n s fe r  p o rts  f o r  a tw o -s tro k e ) In to  th e  p re -  
chamber (the m ixture cy lIn d e r) .
Th is  c la s s if ic a t io n  suggests th a t  those designs most c lo s e ly  re la te d  to  
the  research engine are the Honda CVCC and the Cranfle ld-Kushul engines.
The Honda CVCC
The Honda CVCC has now been In mass production fo r  almost a decade. Each 
e y l in d e r , In  c la s s ic  lean  burn form , c o n s is ts  f?f a main and a u x l l  la r y  
combustion chamber w ith  separate carbu re tto rs . Intake passage and In le t  
va lve s  (Figure 4). Tha a u x i l ia ry  chamber contains the  spark p lug and is  
connected to  the main chamber by en o r f f fc e  (5).
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Figure 4 -  Cross section o f Honda CVCC engine (a fte r Date e t a l)
The success o f  t h is  eng • -s m a in ly  dependent on th e  c o n tro l o f  each 
m ixture supplied to  I ts  n u p e c tlv e  cenAustlon chamber. During suction, 
the  r e la t iv e  c o n tro l o f  each chamber's charge causes the tra n s fe r  o f  some 
r ic h  m ixture to  the  main chamber, and during compression the tra n s fe r  o f 
some o f  th e  lean  m ix tu re  from the  main to  th e  a u x i l ia r y  chamber. Thus 
good combustion In achievable In the main combustion chamber by assuring 
s ta b le  Ig n it io n  o f  the r ic h  m ixture In the a u x il ia ry  combustion chamber.
Measurements on th is  engine Ind ica te  a r e la t iv e ly  high mean combustion 
temperature throughout the expansion stroke , which promotes the  ox ida tion  
o f  CO and HC, and a r e la t i v e l y  low peak com bustion tem pera tu re  In  the  
main chamber, which minimizes NO formation.
The Cranfle ld-Kushul (O K )
The O K engine was o r ig in a l ly  Invented by a Russian engineer V M Kushul 
In  about 1965. B eale and H odgetts (5 ,6 ) o f  th e  C ra r t f le ld  I n s t i t u t e  o f
Technology presented two papers In the  inld-1970's which reported te s ts  on 
a Kushul-type engine based on a Rover fou r-s troke  u n it.
This engine, known as the  C ran fle ld -K ushu l, may be considered a complex 
v e rs io n  o f  our research  eng ine . The m ajor d if fe re n c e s  between th e  two
1. The O K engine Is  a fou r-s tro ke  engine,
2. The crankshaft o f  the C-K engine Is  o ffs e t  by 20 to  30 degrees. This 
provides a two-stage tra n s fe r  o f  charge across the ICC po rt.
3 . D i f fe r e n t  v o lu m e tr ic  CR’ s a re  used on each c y l in d e r  in  th e  C-K 
engine.
F ig u re  5 -  Cranfle ld-Kushul engines mode o f operation (a fte r  Beale and 
Hodgetts)
Operation o f  the C-K engine Involves th ree  phases (Figure 5 ):
1. The m ix tu re  c y lin d e r#  le a d in g  the  a i r  c y l in d e r ,  c o n ta in s  a 
com bustfb?e m ix tu re  th a t  is  Ig n ite d  b e fo re  th e  p is to n  reaches TDC. A t 
th is  p o s itio n , the d iffe rence  In compression ra tio s  (9:1 1n the m ixture 
Ic y l ln d e r  and 38:1 in  the a f r  c y lin d e r)  and the crankshaft phasing ensure 
th a t the  gas pressure In each c y lin d e r 1s Independently equal.
2, The a i r  c y lin d e r  now reaches TDC where I t s  volume Is  a minimum. The 
pressure 1n the a i r  c y lin d e r Is  greater and I t s  contents are tra ns fe rred  
to  the  m ix tu re  c y l fn d e r v ia  th e  In te r - c y l  In d e r connecting  (ICC) p o r t ,  
a llow ing  a second stage o f  combustion.
3. The f in a l  stage o f  combustion occurs  d u rin g  th e  expansion phase o f  
both c y lin d e rs . The burning gases now e n te r the a i r  c y lin d e r and combust 
in the remaining a ir .
The la te s t  published Inform ation on th<s engine (7) dates from 1976. At 
th a t tim e, the leanest o v e ra ll AFf t  had been achieved was 50:1 a t  low 
loads . Most economical o p e ra tio n  a t low loads was found to  occur a t  
r ic h e r m ixtures, namely a t an AFR or .o : l.  The engine could be operated 
a t f u l l  a i r  t h r o t t le  on a l l  loads, although I t  was found th a t s l ig h t ly  
c lo s in g  the m ixture c y lIn d e r t h r o t t le  created a s t ra t i f ic a t io n  e ffe c t  and 
d e live red  the best fu e l economy. Emissions and sp e c ific  fu e l consumption 
o f  the  C-K engine a re  h ig h ly  c o m p e tit iv e  w ith  those  o f  the  Honda CVCC, 
B r it is h  Ley!and BLML, Texaco and the Ford Proco designs.
O pera tion  a t  an o v e ra l 1 AFR as lean  as 50:1 demands th a t  h igh  s w ir l  be 
induced d u rin g  the  second phase o f  com bustion. T h is  was achieved by 
angl Ihg the  ICC p o r t  (F igu re  5). The e f f e c t  o f  changing th is  p o r t  con­
f ig u r a t io n  was m on ito red  by measuring th e  t r a n s ie n t  pressures In  each 
cy lin d e r and by noting the  pressure d iffe rences and the onset o f  knock.
Both o f  th e  above engines d i f f e r  from  th e  research engine In  somg 
respects. The CVCC uses a fixed  pre-combustion chamber o f sm all volume 
as compared w ith  th e  m ix tu re  c y l in d e r  o f  v a ry in g  volume which a ls o  
e x tra c ts  work during operation. There 1s l i t t l e  d iffe rence  In pressure 
before Ig n it io n  occurs In  the research engine, thus pone o f the advant­
ages o f  lean and r ic h  charge tra n s fe r across the ICC p o rt, namely reduced 
em issions and Improved com bustion, are re a lis e d . The C-K, by u s ing  a 
d e lib e ra te  phase d iffe re n ce  between the cy lin d e rs  and d if fe re n t volume 
compression r a t io s  Is  c h a ra c te r is e d  by a m u lt i- s ta g e  charge t ra n s fe r  
operation during which both a to rch  o f  flame and an unburnt lean m ixture 
tra v e l v ia  the ICC p o rt during one cycle.
Despite the less advanced design o f  the research engine# I ts  performance 
should be compared w ith  th a t  o f  I t s  c lo se s t r e la t iv e s , namely the Honda 
CVCC and the Cranfle ld-Kushul designs.
INSTRUMENTATION OF THE fCSEARCH ENGINE 
Engine Inpu t and Output
The fu e l f lo w  ra te  to  each c y l in d e r  was determ ined us ing p re v io u s ly  
c a lib ra te d  Pferburg (gear type) analogue fue l flow  meters.
Tota l mass flo w  ra te  o f  a i r  to  the engine was obtained by measuring the 
pressure drop (by means o f  an e le c t r o n ic  micromanometer) across an 
o r i f ic e  p la te  f i t t e d  to  an s i r  surge re se rvo ir, and by measurement o f  the 
In le t  a i r  temperature using a thermocouple.
The mechanical ou tpu t o f  the  engine was absorbed In a p rev ious ly  c a l ib ­
ra ted  w ater brake dynamometer. Torque was read from  a d ia l  f i t t e d  to  
th is  Instrument.
The engine speed was measured us ing  a hand-he ld  tachom eter and mean 
exhaust pressure was read from a water manometer.
T ransient parameters v
The most Im p o rta n t o f  these  was combustion chamber pressures. Both 
r  'U nde r heads were f i t t e d  w ith  K ls t le r  6121A1 p ie z o -e le c tr lc  pressure 
transducers enclosed In water coo ling  jacke ts . The ou tpu t s igna ls  o f  the 
transducers were converted In to  vo ltages using charge amp! I f le r s ,  and fed 
to  a s ix  channel Oatalab tra n s ie n t recorder. Pressure versus time traces 
fo r  e ith e r  s in g le  o r m u lt ip le  engine cyc les could be obtained by varying 
the  recorder’s sample ra te . The traces were displayed on an osc illoscope  
and fed to  an HP9816 computer fo r  data storage and processing.
The t r a n s ie n t  re co rd e r was tr ig g e re d  w ith  th e  p is to n s  a t  Ttic, th e  
t r ig g e r in g  s ig n a l be ing ob ta ined  from  an o p t ic a l e m itte r -s e n s o r  u n i t  
bracke ted  to  th e  eng ine . A v o lta g e  com parator c i r c u i t  suppl led a S V 
tr ig g e r in g  step to  the  recorder whenever the norm ally  Interrupted l ig h t  
path o f  th e  o p t ic a l  sensor was rendered con tinuous . Th is  was ach ieved 
v ia  a s i  i t  c u t  In to  e d is c  f i t t e d  to  th e  c ra n k s h a ft. Adjustm ent o f  th e  
o p tic a l sensor b racket to  ensure t r ig g e r in g  a t TDC was achieved by motor-
Ing the engine a t constant speed and ensuring th a t the TDC marker co in ­
cided w ith  the peak pressure o f  both combustion chambers.
The above pressu re  records and th e  TOC s ig n a l were used to  m o n ito r the  
combustion process and the onset o f  knock.
In  order to  balance the In le t  q u a n titie s  o f fresh charge In to  each c y l in ­
der# a K f s t le r  p le z o - e le c t r lc  d i f f e r e n t ia l  p ressure tra n sd u ce r was 
In s ta lle d  across one tra n s fe r p o rt fo r  each c y lin d e r. This was necsssary 
since o n ly  one a i r  re se rvo ir was a v a ila b le  and th is  supplied a i r  to  both 
cy lin d e rs . Hence# flo w  rates to  each c y lin d e r  were measurable o n ly  when 
they were equal. Brass taps were In s ta lle d  between the tra n s fe r ports  
and th e  transduce r#  which were c lo se d  a f t e r  b a la n c in g  fo r  fe a r  o f  
endangering the  transducer In case o f  engine ba ck fire . The output from 
t h is  tra n s d u c e r was a ls o  fed to  th e  t r a n s ie n t  re c o rd ;-  v ia  a charge 
a m p lif ie r .
The above th re e  p ressure records and th e  TDC s ig n a l occupied fo u r  
channe ls  o f  th e  re co rd e r. The f i f t h  channel was used to  record  th e  
Ins tan t o f  spark discharge through the  leads. The spark p lug leads were 
passed through a cu rre n t transformer# the output from which was stepped 
down before feeding to  the recorder Input.
(k itpu t P lo ts
The p lo ts  ava ila b le  from the menu driven computer program were:
1. Pressure-t1me trace  1n the mixture cy lin d e r
2. Pressure-time trace  In the a i r  cy lin d e r ,
3 . Superimposed traces o f 1 and 2
4. D i f f e r e n t ia l  pressure -  tim e  tra c e  (m ix tu re  c y l in d e r  le s s  a i r  
cy lin d e r)
5. In le t  d if fe re n t ia l pressure across tra n s fe r ports
6. Ig n it io n  tim ing
RESULTS AND DISCUSSION
The engine ran fo r  approximately f iv e  hours in  to ta l .  However# the lack 
o f  p rim ary  re c ip ro c a t in g  balance o f  th e  p is to n s  and connec ting  rods 
caused heavy v ib ra tio n . Even w ith  the engine, coup ling  and dynamometer 
accura te ly  a ligned under s ta t ic  conditions# the v ib ra tio n  led  to  in s ta n t­
aneous misalignment beyond the coupling 's spec ified  l im i t .  This In tu rn  
caused o ve rh e a tin g  o f  th e  c o u p lin g  which s e v e re ly  hampered te s t in g .  
A ls o , a more e x te n s iv e  te s t in g  p e rio d  would a lm o st c e r ta in ly  have 
resu lted  In  the d es truc tion  o f  some component o f the engine o r te s t  r ig .
The lowest achievable spded o f the engine a t  minimal load (approximately
5 Nm due to  f r ic t io n  w ith in  the dynamometer) was 800 rpm. The occurrence 
o f  o n ly  one com bustion p e riod  per eng ine  c y c le ,  owing to  th e  in -phase, 
ra th e r  than 180° o u t o f  phase o p e ra tio n , p ro b a b ly  accounts f o r  t h is  
s l ig h t ly  high Id l in g  speed.
O n ly  one common a i r  I n l e t  measurement system was f i t t e d  t o  th e  engine. 
Thus q u a n tita t iv e  Inform ation on AFR’s was obta inable o n ly  w ith  equal a i r  
flo w  ra te  to  each c y lin d e r . The a i r  flow s could be balanced by adjusting  
the  th ro t t le s  fo r  zero (o r m inimal) pressure d iffe rence  between the in le t  
t ra n s fe r ports o f  the two cy lin d e rs .
W ith  equal a i r  and fu e l f lo w  to  each c y l in d e r ,  th e  maximum speed a t 
minimum load waL 2000 rpm. On apply ing load ( s t i l l  w ith  balanced a i r  and 
fu e l flow s) the maximum achievable power was 2,9 kW (23 ten a t  1200 rpm). 
The correspond ing  brake the rm a l e f f ic ie n c y  was 4 ,3 * . In  e i th e r  o f  the  
above cases, fu r th e r  opening o f  th e  t h r o t t le s  caused m is f i r in g .  Th is  
could not be corrected by ad justing  the ig n it io n  tim ing .
The engine ran on extrem ely r ic h  m ixtures o n ly , w ith  AFR’s o f  6 t l  o r  less 
fo r  both c y lin d e rs . Since such va lues are norm ally  beyond the  r ic h  l im i t  
o f  runn ing , th e  e xh aus ting  o f  u nbu rn t fu e l was in d ic a te d . T h is  was 
confirmed by the  presence o f  excess 1 ve q u a n titie s  o f  two-stroke lu b r ic a n t 
In the exhaust.
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Such o v e ra ll Incomplete conAustfon can be caused e fth e r  by In te rm itte n t  
f i r in g  c y c le - to -c y c le , o r by cons istent f i r i ’ -]» but w ith  Incomplete com­
b u s tio n  1n each c y c le  o r  by a com bina tion  o f  these . F ig u re  6 showing 
ty p ic a l consecutive combustion chamber pressure traces, provides c le a r 
evidence o f  In te rm itte n t combustion. The lower pressure peaks occur a t  8 
ba r (gauge), th e  v a lu e  correspond ing  to  th e  p re v io u s ly  determ ined 
'm otoring* (compression w ithou t Ig n it io n ) pressure peaks.
I t  s t r o n g ly  suspected, however, th a t  even on f i r in g #  com bustion was 
Incom p le te . The reason f o r  t h is  o v e ra l 1 Incom ple te  com bustion may be 
examined In terms o f  m ixture Inhomogenelty. U lt im a te ly , homogeneity is  
re q u ire d  w ith in  th e  com bustion chamber. I t  can be b ro u g h t about both 
d u r in g  th e  c a rb u ra tlo n  and I n le t  processes# and by e ve n ts  o c c u rr in g  
w ith in  the  combustion chamber I t s e l f .
Since th e  c a rb u re t to rs  and I n l e t  system d id  no t d i f f e r  ra d ic a l 1 y from 
those o f  the engine In o r ig in a l form (which c le a r ly  ran s a tis fa c to r ily )#  
the reasons fo r  m ixture tnhomogenetty must be associated w ith  the  nature 
o f  th e  (m o d ifie d ) com bustion chamber. The des ign  o f  a com bustion 
chamber, g re a tly  a ffe c ts  the le v e l o f  turbu lence generated during com­
pression. Two-stroke engine designs always use squish bands to  generate 
turbulence towards TDC. The research engine's combustion chambers Are o f 
th e  d is c  typ e  w ith  c e n t r a l ly  lo ca te d  spark p lu g s  and convex crowned 
p is tons, which# fe a tu rin g  n e ith e r squish bands nor a turbulence inducing 
cav ity#  are c le a r ly  not conducive to  turbulence generation.
Further#  th e  com b ina tion  o f  th e  f l a t  c y l in d e r  heads and th e  crowned 
(convex upwards) pistons# con s titu te s  a weak squish region w ith  flb w  away 
from  th e  spark p i ug. Thus# th e  m ajor p o r t io n  o f  th e  m ix tu re *  to g e th e r 
w>th whatever weak turbu lence 1s generated# resides a t  the  most unfavour­
able position# namely a t  the quench-prone circumference o f  the c y lln d it r
C le a r ly  the  combustion chamber design Is  t o t a l l y  un sa tis fa c to ry . Some 
Improvement In  com bustion m igh t however be p o s s ib le  by In c re a s in g  th e
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F igure 6 -  Pressure versus time tra ce : m ixture cy lin d e r
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F igure 7 -  Pressure versus time tra ce : m ixture and a i r  cy linde rs
m ixture homogeneity e x te rn a lly , fo r  example by means o f heating the In le t  
m anifo ld . While th is  process lowers vo lum etric  e ff ic ie n c y , th is  is  ou t­
weighed by the re s u ltin g  Improved combustion (0).
I t  Is  co n c e iv a b le  th a t  the  e x p u ls io n  o f  unburnt m ix tu re  was In p a r t  
assoc ia ted  w ith  th e  p h ys ica l o r ie n ta t io n  o f  th e  engine: th a t  Is ,  w ith  
the  c y lin d e r  axes ly in g  h o r iz o n ta lly  and the exhaust ports  facing down­
wards. G ra v ity , and the flow  pa tte rns created by the pistons r is in g  from 
BOO, m igh t th u s  a s s is t  in  a c c e le ra t in g  the  densest p o rt io n s  o f  the  
m ixture towards the exhaust port.
Nr evidence o f  knock was detected, even w ith  the Ig n it io n  tim ing  advanced 
to  50° BTOC. T h is  c o n s t itu te s  fu r th e r  evidence o f  I n e f f ic ie n t  com­
b ustion .
F igure 7 shows superimposed m u lt ip le  pressure traces fo r  both cy lin d e rs . 
I t  should be observed th a t w h ile  .harp c y c le -to -c y c le  pressure d i f f e r ­
ences (m is f i r in g  and f i r in g )  occu rre d , these took place sim ultaneously 
and w ith  v i r t u a l l y  id e n tic a l magnitude In both cy lin d e rs . I t  would thus 
appear th a t  the two combustion chambers were not behaving Independently. 
This was confirmed by attempts to  lean out the a i r  c y lin d e r, which s t i l l  
resu lted  In Id e n tica l pressure traces ‘ n both cy lin d e rs . In  e ffe c t ,  the 
two c y lin d e rs  were behaving as one. This would Imply th a t the ICC p o rt 
had too  la rg e  a cross-sectional area. In  a dd ition , the f l a t  shape o f  the 
p o rt exposed a la rge  and p o te n t ia l ly  quenching surface area to  the flame 
to rch , I f  the engine were to  run as o r ig in a l ly  intended.
CONCLUSIONS AM) RECOMMENDATIONS
The main conclusions o f th is  study are:
1. The te s t  engine v ib ra tos  badly owing to  lack o f  primary rec ip roca ting  
balance.
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Figure 8 -  Schematic o f  o r ig in a l Yamaha 55BM cy lin d e r head
2. The presence o f  a s in g le  a i r  f lo w  measuring system l im its  te s tin g  to  
cases o f  equal a i r  f lo w  in to  each c y lin d e r.
3 . Combustion was I n e f f ic ie n t  and In te rm it te n t*  owing to  th e  inhomo­
g e n e ity  o f  th e  Incoming m ix tu re , poor com bustion chamber des ign* and 
p o ss ib ly  the physical o r ie n ta tio n  o f  the engine cy lin d e rs .
4 . The design o f the  ICC p o rt 1s unsa tis fac to ry .
In  view o f  these find ings  the  fo llow ing  recommendations are o ffe re d :
1. I f  th e  p resen t engine Is  to  remain In  use a t  a l l , th a t  th e  t e s t  bed 
be r e b u i l t ,  f i t t i n g  both dynamometer and engine to  a common r ig id  base 
and rep lac ing  the coupling w ith  one to le ra t in g  g rea te r misalignment.
2. That th e  engine ( i f  re ta in e d ) be re p o s itio n e d  such th a t  th e  exhaust 
p o rts  l i e  along the upper area o f  each cy lin d e r.
3 . T ha t an a l te r n a t iv e  eng I no be cons idered which may be m o d ifie d  to  
have two adjacent cy lin d e rs  Interconnected and In  phase w h ile  re ta in in g  
primary rec ip roca ting  balance. In  the case o f  an In - l in e  fo u r-c y lin d e r
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engine* fo r  example, the ce n tra l two cy lin d e rs  would become the m ixture 
and a ir  c y lin d e rs  and the outer two, moving in  phase w ith  each o the r, but 
180° o u t o f  phase w ith  th e  fo rm er, would be non-combust1ng ba la n ce rs . 
The c ra n k s h a ft o f  such engines would no t re q u ire  m o d if ic a tio n . In  the  
case o f  tw o -s tro k e  eng ines, th e  o u te r c y l in d e rs  would re q u ire  s p e c ia l 
lu b r ic a tio n .
4. That separate a ir  f lo w  measuring systems be In s ta lle d  fo r  each com­
busting c y lin d e r.
5. That the  combustion chambers be designed to  Incorporate squish bands 
and c a v i t ie s  to  Induce tu rb u le n c e , the  l a t t e r  be ing  s itu a te d  In  c lo s e  
v i c i n i t y  to  th e  spark p lu g s . A design s im i la r  to  th a t  o f  th e  Yamaha 55 
BM 1n o r ig in a l form suggested (Figure 8).
6. That consideration be g iven to  homogenizing the  Incoming m ixture by 
heating the in le t  m anifold.
7. Tha t both th e  c ro s s -s e c tio n a l and the  s u rfa c e  areas o f  th e  ICC p o r t  
be reduced. P rov is ion  fo r  varying the s ize  o f p o r t during te s tin g  would 
be h igh ly  d es irab le .
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APPENDICES
For the purpose o f  a l l  append toes, the fo llow ing  abbreviations are used:
AFR A 1r-fue l r a t io
BDC Bottom dead centre
C l Compression Ig n itio n
CO Carbon monoxide
OR Compression ra t io
HO Hydrocarbons
IC In te rn a l combustion
LB Lean burn
NBT Maximum best torque
NO* ' Oxides o f n itrogen
SC S tra t i f ie d  charge
SI Spark Ig n it io n
TDC Top dead centre
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APPENDIX A
LEAN BURN ENGINES: A GENERAL INTRODUCTION
The purpose o f  th is  Appendix 1s to  p rovide a background to  the f ie ld  o f 
lean b u rn /s tra t if ie d  charge engines in  general and to  the tra n s fe r-p o rt 
type o f  engine being tested 1n th is  p ro je c t in  p a rt ic u la r.
A .I D e f in it io n  o f  Lean Bum Engines
Lean burn re c ip ro c a t in g  In te rn a l com bustion engines operate w ith  an 
o v e ra ll a ir - fu e l  ra t io  cons lderab ly  weaker than  co n ve n tio n a l engines. 
Numerous methods a re  used to  a l lo w  o p e ra tio n  beyond th e  lean  m is f ir e  
l im i t  o f  conventional engines.
A.2 The Need fo r  Lean Bum Engines
The two major reasons fo r  f in d in g  a replacement fo r  conventional spark 
Ig n it io n  engines are emission c o n tro l and fu e l consumption -  the need to  
reduce both the  quan tity  o f  fo s s i l  fu e l being consumed worldwide, as w e ll 
as the  q u a n tity  o f  noxious by-products o f  the energy conversion process.
I t  1s common knowledge th a t the automobile is  a major co n tr ib u to r to  the 
high hydrocarbon (HC), oxides o f  n itrogen (N0X) and carbon monoxide (CO) 
le v e ls  In  urban areas. Both S t i r !  Ing and le a n  b u r n /s t r a t i f ie d  charge 
engines have c o m  In to  consideration as s u ita b le  replacements (L)
P ro d u c tio n  o r  near p ro d u c tio n  examples o f  le a n  burn engines a lre a d y  
e x is t ;  examples In c lu d e  th e  Honda CVCC, Ford Proco, Jaguar XJS (May 
F ire b a ll)  and the  Porsche SKS and SC.
The process o f  fo rm a tion  o f  em iss ion  p o l lu ta n ts  w ith in  th e  engine are 
described In  the  next section. However I t  should be noted th a t consider*-
ab le  hydrocarbon vapour emissions occur In other areas# such as the fue l 
tank, ca rb u re tto r and crankcase vents (2), where fu e l and lu b r ic a n t are 
able to  evaporate.
A p a rt from th e  reduced em ission o f  p o l lu ta n ts ,  lean  b u r n / s t r a t i f ie d  
charge techniques hold add itiona l advantages. These Include:
1. Improved therm al e f f ic ie n c y  re s u lt in g  front In c re a s in g ly  lean  
m ixtures. The Improvement is  re la te d  to  three e ffe c ts  which re s u lt  from 
th e  lo w e r combustion tem pera tu res w ith  lean  m ix tu re s , namely the  
Increased sp e c ific  heat ra t io ,  the reduced d issoc ia tion  losses and the 
reduced heat tra n s fe r to  the combustion chamber w a lls .
Lean burn techniques a lso  a llo w  engine operation a t h igher compression 
ra t io s , due to  extending o f  the  lean m is fire  l im i t .  Thfs a ls o  re s u lts  in 
Improved thermal e f f ic ie n c y , since fo r  the a i r  standard O tto cyc le :
t  = 1 -  where r  = compression ra t io
= r a t i o  o f  th e  p r in c ip a l  h e a t 
capacities  c p and c v
2. E lim in a tio n  o f expensive c a ta ly t ic  convertors In the exhaust system, 
which have become necessary <n co n ve n tio n a lly  powered automobiles to  meet 
the  s t r i c t  emission con tro l measures -  p a r t ic u la r ly  In the United States.
3. Reviving In te re s t 1n the 2-s troke  cyc le  engine. Various research­
e rs ,  e s p e c ia l ly  O nlshl and FuJ11 o f  th e  Nippon Clean Engine Research 
Company have discovered th a t 2 -s troke  engines have grea te r p o te n tia l fo r  
emission reduction w ith  lean burn operation.
The fa c to rs  which in  the past o ften  discouraged production plans fo r  lean 
burn engines were the unstable operation due to  e r ra t ic  combustion and 
m is f ire ,  and the previously cheap and p le n t ifu l supply o f  crude o i l .
A3 The Formation o f  Fo7 lu ta n ts
F igu re  A1 shows th e  th re e  processes o f  p o l lu ta n t  fo rm a tio n  w ith in  a 
conventional 4 -s troke  spark Ig n itio n  eng'.ie.
CO-vk NO
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Figure A1 -  P o llu ta n t formation w ith in  an engine
C uring  th e  f i r s t  stage# the  Ig n it io n  o f  a compressed a l r - f u e l  m ix tu re  
c re a te s  h igh  tem pera tu res and a p ropagating  flam e  f r o n t .  As th e  flam e 
approaches th e  c y l  In d e r wal 1 s# quenching occurs  due to  the  lo w e r wal 1 
temperature, and a th in  la ye r o f  unburnt m ixture and hence hydrocarbons 
adhere th e re to . In  add l .Io n , unburnt m ix tu re  a ccca u la te s  above th e  
p is to n  r in g  between che p is to n  and w a l l .  N i t r i c  ox ide  and carbon 
monoxide a ls o  form  d u rin g  th e  f i r s t  stage as a r e s u l t  o f  th e  h igh  
combustion temperatures and incomplete combustion.
During the  second stage, the fa l l in g  bulk-gas temperature created by gas 
expansion prevents the completfon o f  oxfda tlon  reactions from occurring.
The f in a l  s tage  exhausts the  n i t r i c  o x id e , carbon monoxide, and the  
hydrocarbons (which a re  scraped o f f  th e  c y l in d e r  w a lls  as th e  p is to n  
tra v e ls  upwards to  top daad cen tre ).
T h is  b a s ic  d e s c r ip t io n #  coupled w ith  th e  knowledge th a t  lean  m ix tu re s  
a t ta in  low er maximum combustion tem pera tu res suggest the  p o te n t ia l o f  
lean b u rn /s tra t if ie d  charge engines In reducing NO and CO emissions.
In  a d d it io n ,  s u ita b le  des ign  o f  th e  engine I t s e l f  can lead  to  reduced 
m ix tu re  quenching on th e  c y t < n d e r 'w a H s  and reduced HC em issions. 
Examples o f  such designs would Incorporate use o f pre-combustion chambers 
o r sw ir l techniques.
A.4 Techniques o f  Achieving Lean B u rn /S t ra t l fW  Charge Operation
In  the foregoing, the terms 'lean  burn' and 's t r a t i f ie d  charge' have been 
used. Both te chn iques  have th e  same o b je c t iv e  ( th a t  is ,  low  em issions 
re s u lt in g  from lean o v e ra ll m ixtures), bu t the methods to  achieve th fs  do 
d i f f e r  somewhat. C e rta in  engine des igns u t i l i z e  both 'le a n  burn* and 
's t r a t i f ie d  charge' techniques, so the border Is  not c le a r ly  defined.
Lean burn engines g e n e ra lly  u t i l i z e  a f i n i t e  number o f  homogeneous 
m ix tu re s  o f  d i f f e r e n t  a 1 r - fu e l r a t io s  (AFR’s ). That number may range 
from  one to  th re e . In  a ty p ic a l lean  burn engine# a r ic h  m ix tu re  Is  
Ig n ite d  In  a pre-com bustion chamber and th e  flam e f ro n t  subsequently  
propagates In to  the main chamber (v ia  an o r i f ic e )  which contains a weaker 
m ix tu re  (F ig u re  A2>. O ther examples use one weak m ix tu re  o n ly  w ith  no 
prechamber, b u t generate ve ry  h igh  tu rb u le n c e  to  guarantee r e l ia b le  
ig n it io n .  To supplement th is#  d ire c t  fu e l In je c tio n  towards the spark 
P a I’ y to n  has a lso  been used.
>rr'< r ' r j  i— {2
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Figure A2 -  Example o f lean burn o p e ra tic ’, In engine w ith  o n i prechamber
The s t r a t i f i e d  charge engine c re a te s  a co n tinuous  g ra d ie n t o f  v a ry in g  
a lr - fu e l m ixtures In a l l  three dimensions based on density d iffe rences. 
No p h y s ic a l boundary e x is ts  between these  la y e rs ,  and th e  process Is  
o fte n  Improved by c a re fu l design to  ach ieve  s w ir l  o f  th e  Incoming 
m ixture.
Uyehara e t  a l (3) d e rive d  a c la s s i f ic a t io n  system fo r  re c ip ro c a tin g  
In te rn a l combustion engines, and placed each lean burn engine e x is tin g  a t 
th a t tim e (1974) In to  d is t in c t  groups (F igure A3)

Th is  la rg e  f i e l d  was f i r s t  d iv id e d  In to  lean  bw.n (4.-ia t 1s> d is t in c t  
homogeneous m ixtures ) and the s t r a t i f ie d  charge f ie ld s .  The fo llo w in g  
subdiv is ions considered the mode o f m ixture Ig n l4.lo n -e lth e r d ire c t spark 
or to rch  Ig n it io n  (using a pre-combustion cha&oer). F in a l ly ,  most sub­
systems sepa ra te  th e  In d u c tio n  o f  th e  r ic h e r  m ix tu re  In to  th e  engine -  
e ith e r by a d d itio n a l fu e l in je c tio n  In to  the f i r s t  region to  Ig n ite , or 
by separate In tro d u c tio n  through a second In le t  system.
Further exp lanations o f  the  physical appearance and operation o f  some o f 
the engines bearing the c lo s e r s im i la r i t y  to  the research engine tested 
are discussed In  Appendix B.
A.5 In tro d u c tio n  o f the  Research Engine o f  t h is  Study
The research engine te s te d  In  th e  U n iv e rs ity  o f  th e  W itw atersrand 
Mechanical Engineering Laboratory was k in d ly  supplied by Mr R M Amm o f 
Durban. O r ig in a l ly ,  the engine was a 40 kW (approximately 750 cc) Yamaha 
outboard eng ine  o f  p a r a l le l  2- c y l  In d e r, 2-s troke  configura tion  w ith  a 
160° o ffs 'e t crankshaft.
The engine has been modified fo , lean burn operation as fo llow s :
1. The crankshaft has been re b u ilt  such, th a t  both pistons move In phase,
2. A new c y l In d e r head w ith  an 1»vter-cyl Inde r connecting  p o r t  has been
3. The c a rb u re tto r systems have been modified to  a llo w  the a lr - fu e l ra t io  
In each c y lin d e r  to  be varied  separate ly during operation.
4. The ig n it io n  system has been modified to  a llo w  simultaneous f i r in g  o f  
both cy lin d e rs .
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A f u l l e r  d e scrip tion  o f  a l l  m od ifica tions  and instrumentation Is  provided 
1n Appendix C and D.
The an tic ipa ted  mode o f operation Is  shown in  Figure A4.
3 Phase
Figure A4 -  Mode o f  operation o f  tho research engine
As both p is to n s  t r a v e l  tow ards top-dead c e n tre  (TDC), each chamber has 
rece ive d  I t s  fre sh  charge pumped from  the  crankcase. During le a n  burn 
o p e ra tio n , c y l in d e r 1 re c e iv e s  a c lo s e  to  s to ic h io m e tr ic  m ix tu re#  and 
c y l in d e r  2 a ve ry  weak m ix tu re  (Phase 1). For b r e v i ty ,  c y l in d e r  1 Is  
re fe r re d  to  as th e  'm ix tu re 1 c y l in d e r  and - y l  In d e r 2 as th e  ' a i r '  
c y lin d e r throughout.
D uring  phase 2, th e  con ten ts  o f  both c y l Inders are compressed t o  equal 
pressure  and spark ig n i t io n  occurs. However, th e  charge In 'th e  a i r  
c y l Inder Is  too weak to  support combustion, and on ly  the m ixture c y l Inder 
f i r e s .  The In te r - c y l  In d e r p o r t  pe rm its  a to rc h  o f  flam e to  propagate 
In to  the a i r  c y lin d e r thus Ig n it in g  I t s  charge.
F in a l 1 y in  phase 3 ,  both c y l In de rs  t r a v e l  towards bottom  dead c e n tre  
(BOO, e x p e llin g  the burnt gases through the exhaust ports.
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The spark p lu g  In  th e  a i r  c y l 1nder was re ta in e d  In  o rde r to  a s s is t  fn  
s ta r t in g  the engine w ith  e q u a lly  r ic h  a 1 r-fu e l ra tio s  1n each c y lin d e r.
A .6 C lass ify ing  the  Research Engine
The general c la s s if ic a t io n  o f  the  research angina was carried  out* using 
th e  system o f  Uyehara e t  a l (3 ), In  o rd e r to  d fscuss the  more c lo s e ly  
re la te d  angl^n designs a lready produced In the li te ra tu re  survey. Even 
so, each s p e c ific  engine e x h ib its  I ts  own unique properties  and perform­
ance, and I t  Is  thus d i f f i c u l t  to  make any p red ic tions w ith regard to  the 
research engine from the work o f  others.
The stages in  c la s s i fy in g  o u r engine  accord ing to  the  nom enclature o f  
F igure A3 are as fo llow s:
1 . Reciprocating In te rna l combustion engine.
2. Homogeneous m ixtures (Two, one In each cy linde r)
3 . D ire c t spark Ig n it io n  ( In  m ixture c y lin d e r) .
4 . Spark to rch  ig n it io n  ( in  a i r  cy lin d e r)  '
5. Ig n it io n  m ixture Inducted by separate Intake manifold and v a lv e  (o r
t r a n s fe r  p o r t  f o r  2 -s tro k e  c y c le  engines) from th e  prechamber (th e  
m ixture c y lin d e r) .
According to  h is  a n a ly s is ,  our research engine f a l l s  In to  th e  same 
category as the Honda CVCC and the Volkswagen lean burn engines, although 
the prechamber 1s a c y lin d e r o f  varying volume. Another re la ted  concept 
Is the  Cranfle ld-Kushul engine. I t s  con figu ra tion  is  very s im ila r  to  the 
research engine, except th a t the  m ixture c y lin d e r leads the  a i r  qyH nder 
by tw enty  to  t h i r t y  degrees crank& ng le . T h is , and th e  d i f f e r e n t  
vo lum etric  compression ra t io s  o f each c y lin d e r, f a c i l i t a te  a m u lti-s ta g e  
charge t ra n s fe r  mechanism, where e i th e r  a to rc h  o f  flam e o r an u nbu rn t 
a lr - fu e l m ixture t ra v e ls  v ia  the  tn te r -c y lln d e r  connecting p o rt during  an 
engine cycle .
mI t  Is  these typ e s  o f  eng ine  which are discussed In  fu r th e r  d e ta i l  In  
Appendix B.
APPENDIX B
SURVEY OF LITERATURE
The T f te r a tu r e  s u rve y  presented below  de a ls  w ith  p e t r o l - f u e l le d ,  
rec ip roca ting  LB SI engines, and, 1n view o f our te s t  engine, emphasis Is 
placed on normally aspira ted ra ther than d ire c t fu e l In jected  machines.
The c la s s if ic a t io n  technique o f Uyehara e t  a l (3) was applied In Appendix 
A (p A9), and on t h is  b a s is , engines and aspects o f  des ign  which are 
re la te d  to  the research engine are summarized In F igure 81.
The m ajor source o f  In fo rm a tio n  In th is  su rvey  was th e  S o c ie ty  o f  
A u tom otive  Engineers (SAE), using th e  SAE database o f  th e  ORBIT system 
s o ld  by SDC 1n Santa Monica# C a l i fo r n ia ,  USA, I t  was accessed 
te le p h o n fc a lly  v ia  the  o n - lin e  f a d !  i t y  a t  th e  Wartenwel H e r  L ib ra ry ,  
U n iv e rs ity  o f  th e  W ltw atersrand, us ing  th e  key-words Mean bu rn ', 
's t r a t i f ie d  charge' and 'C ranfle ld-KushuV. Copies o f  the abstracts thus 
ob ta ined  supplem ent one copy o f  t h is  re p o r t, and a re  on f i l e  In  th e  
School o f  Mechanical Engineering. From th is  broad spectrum o f papers, 
those  more re le v a n t  to  our te s t  engine (and em phasising performance 
ra the r than emission c h a ra c te ris tic s ) were ordered, and are a lso  on f i l e  
In  the School.
Other sources o f  Inform ation Included the General database o f the D ialog 
database s o ld  by Lockheed A i r c r a f t ,  P a lo  A l to ,  C a l i fo r n ia ,  USA. T h is  
d a tabase  s u p p lie d  re fe re n c e s  to  p u b lic a t io n s  such as'A u tom otlve  
E n g in e e rin g ' (USA), 'A u tom o tive  E ng ineer' (UK), th e  'B u l le t in  o f  th e  
Japanese Society o f Mechanical Engineers', and Conference Proceedings o f  
th e  A utom ob ile  D iv is io n  o f  the  I n s t i t u t io n  o f  M echanica l Engineers 
(London).
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Figure B! - C lassification o f research engine and related designs
This survey Is  presented under the fo llow ing  headings;
B .l In troduc tion  to  lean burn engines
8.2 Engine designs re la ted  to  the research engine
B.3 S pec ific  areas o f study 
8.4 Miscellaneous
B .l In tro d u c tio n  to  Lean Burn Engines
A number o f  SAE papers can be recommended as s u ita b le  In tro d u c tio n s  o f  
the lean b u rn /s tra t if ie d  engine f ie ld .
The approach towards rec ip roca ting  engine c la s s if ic a t io n  used by Uyehara 
e t a l (3) c o ve rs  a l l  aspects o f  LB o p e ra tio n . The c la s s i f ic a t io n  
(Appendix A, p A6)> however# d 'les no t In c lu d e  th e  la t e r  designs by May 
(F ire b a ll head)# Porsche (SC) o r Kushul (C ran fle ld-K ushul). The research 
engine, as c la s s if ie d  In Appendix A# f a l l s  In to  the  categories o f ‘homo­
geneous m ixture1, 'no rm a lly  aspirated'# 'LB rec ip roca ting  IC engine'# and
u t i l iz e s  both d ire c t  spark and sp a rk -to rc h  Ig n i t io n .  Designs by Honda 
(CVCO# N 1lov and Volkswagen would a ls o  appear to  be re la te d  to  the  
research eng ine . The main c h a ra c te r is t ic s  In t h is  ca tego ry  a re  low NO 
and CO emissions# higher than normal HC emissions# and the d i f f i c u l t y  o f 
maintaining reasonably short combustion times fo r  m ixtures o f  AFR beyond 
25:1.
D a r tn e ll (4 ) s tu d ie d  th e  In e v ita b le  tra d e -o ff between fue l consumption 
and em issions In  term s o f  engine compression ra t io s .  The tre n d s  In  
compression ra tio s  In US cars was a decrease from an aver ) o f  9,4:1 1n 
1970 to  8,25:1 In  1975 (F ig u re  B2) to  p e rm it o p e ra tio n  w ith  an unleaded 
fue l o f  lower octane number. The re s u lta n t Increase in  fu e l consumption 
represented 3,5% o f the to ta l US o i l  requirements In 1978. He views the 
May F ire b a ll as a s o lu t io n  to  the tra d e -o ff -  a high compression ra t io  
design ( ty p ic a l ly  14:1) operating w ith  normal premium fu e l and very high 
tu rb u lo y o  le v e ls  to  perm it rap id  burning o f  lean m ixtures.
Figure BZ -  Trend In compression ra t io s  o f  US cars
Germane e t  a l (5) p rov ide , frou. a movt comprehensive reference source* a 
review o f  the fundamentals o f lean combustion and o f  the e ffe c t o f  lean 
m ix tu re s  on eng ine  e f f ic ie n c y ,  perform ance and exhaust emissions. The 
te chn iques  fo r  lean  burn englno c o n tro l a re  a ls o  discussed. T h is , 
coup! ed w ith  a thorough tre a tm e n t o f  th e  th e o ry  o f  a n  aspects o f  lean  
burn operation provides a h igh ly recommended In troductory paper.
H a rtle y  (6) reviews methods o f achieving cons is ten t combustion o f  lean 
m ixtures. The design o f  modified l.d u c tlo n  manifolds (Figure 83), dual 
Ig n it io n  systems and high compression combustion chambers (as In the May 
F ire b a ll and the Porsche SC engines) are discussed.
Standard M anifold
Coolant Jacket Cover’
Turbulent Row Manifold
Figure EB -  Comparison o f  tu rb u le n t flow  manifold w ith  standard Intake 
manifold
8.2 Engine Designs Related to  the Research Engine 
These w i l l  be jlscussed under the fo llow ing  headings:
e.s.x Honda CVCC8.2.2 Porsche SC
B.2.3 Staged Combustion Compound Engine (SCCE)
B.2,4 Two-stroke L9 designs
B.2.5 May mreba ll
B .2,fi CranfleTid-Kushul
8 .2 .1  The Honda Ocspound Vortex C ontro lled Combustion CCVCC) engine
Date e t  a l (7» o r Honda Research, p rovide a comprehensive explanation o f  
th e  CVCC's o p e ra tio n *  which has now been mass produced fo r  a number o f
Each c y lin d e r consists o f  a main and an a u x il ia ry  combustion chamber w ith  
separate ca rbu re tto rs . Intake passages and In le t  va lve s . The a u x il ia ry  
chamber contains the spark plug and is  connected to  the main chamber by 
an o r i f ic e  (Figure 84).
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Figure B4 -  Sectional view o f Honda CVCC cy lin d e r
The success o f  th is  engine depends m ainly on the  co n tro l o f each mixture 
su p p lie d  to  I t s  re s p e c tiv e  com bustion chambers. D uring  s u c tio n , the  
r e la t iv e  c o n tro l o f  each chamber’s charge causes th e  t r a n s fe r  o f  some 
r ic h  m ixture to  the main chamber, and during compression the tra n s fe r o f 
some o f the lean m ixture from the main to  the a u x ilia ry  chamber.
Measurements on th is  engine ind ica te  a re la t iv e ly  high mean combustion 
temperature throughout the  expansion stroke, which promotes the oxida tion  
o f  CO and HC, and a r e la t i v e l y  low  peak com bustion te m p e ra tu rj in  th e  
main chamber# which minimizes NO formation (Figure B5). P a rt ia l In te r­
c y l in d e r  charge t r a n s fe r  p r io r  t o  I g n it io n  may occur In  our research 
engine as w e lls  thus  a comparison o f  combustion chamber p ressure 
diagrams fo r  the two engines (under s im ila r  operating conditions) would 
be o f  In te re s t.
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F ig u re  BS -  Exhaust gas em iss ions o f CVCC engine and a c o n ve n tio n a l 
engine a t  Id lin g  ( Is fc  = 410 g/PS-hr)
6 .2 .2  The Porsche s t r a t i f ie d  charge (SC) engine
The Porsche SC engine (6) u t i l iz e s  two a u x il ia ry  chambers per cy lin d e r, 
each f i t t e d  w ith  a fu e l In je c to r (Figure B6). I n i t i a l  Ig n it io n  occurs In 
th e  f i r s t  a u x i l ia r y  chamber fa r th e s t  from th e  main chamber, which Is  
r e la t iv e ly  turbu lence free .
The advantage o f  th is  design l ie s  In the fa c t th a t  the  combustion process 
can be c o n tro lle d  to  re lease 85% o f I ts  energy near TDC. 1
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Figure B6 -  Cross-section o f  Porsche SC cy lin d e r
Th is  Improvement In  the  combustion process has been found to  lead  to  
reduced s e n s i t i v i t y  to  changes In  CR» fu e l c h a ra c te r is t ic s *  APR and 
Ig n it io n  tim ing . In  addition* the engine operates trffcfi a hfgh degree o f  
s t a b i l i t y  across a wide speed and load range, and the emission character­
is t ic s  are considerably Improved In comparison w ith  a conventional Otto 
cycle  engine (Figure B7).
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F ig u re  B7 -  Exhaust em issions o f  Porsche SC engine compared w ith  
conventional engine
V arious  typ e s  o f  Porsche LB engines e x la t ,  some using d ir e c t  fu e l 
in je c tio n *  w h ile  others use a separate  Intake to  the a u x il ia ry  chambers. 
In  a d d it io n *  o th e r designs such as a h igh  CR IB  engine have a ls o  been 
developed (9 ),
B.2.3 The staged cotibustlon compound engine (5CCE)
S tlo w e rt and Turns (10) p resen t th e  SCGE engine which employs p a irs  o f  
c y l fn de rs  (as In  ou r research eng ine )* b u t these are o f fs e t  by 180° o f 
crank angle (Figure 88).
Rfkdtai CnausUxiHCO-HfHC
Figure B8 -  One staged combustion compound engine
The f i r s t  c y lin d e r o f  each p a ir  asp ira tes and burns a homogeneous fu o t -
r fc h  m ixture. The exhaust gases, c o n ta in in g  q u a n t it ie s  o f  com bus tib le  
p roducts  (CO, HC and H2) and a sm a ll q u a n tity  o f  NOx are coo led  ( to  
suppress knock), mixed w ith  a d d it io n a l a i r  and combusted In  th e  second 
c y lin d e r. A dd itiona l work Is  extracted during th is  second phase and the 
combustion products are reduced fu rth e r w h ile  m aintaining low N0X concen­
t r a t io n s .  The d iv is io n  o f  fu e l energy between th e  two phases is
considered to  be fundamental to  the process.
No fu rth e r in form ation regarding the SCCE Is  a v a ila b le . Test re s u lts  o f  
a V-8 p ro to typ e  In d ic a te d  th a t  ix, was n o t p o s s ib le  to  meet US em ission 
co n tro l sp e c ifica tio n s  w ithout a c a ta ly t ic  convertor. Th is, coupled w ith  
th e  need to  Increase  th e  engine d isp lacem ent by 40* In  o rd e r f o r  t t s  
power output to  equal th a t o f  conventional engines, probably removes I t  
from serious consideration. Nevertheless, the use o f  coupled cy lin d e rs , 
as w ith  our research engine, prompts the Idea o f  using m u lt ip le  pa irs  o f 
c y lin d e rs , such as a f l a t  fou r engine In fu tu re  p ro je c ts .
B.2.4 Two-stroke cyc le  lean bum designs
Since ou r research engine Is  o f  the  tw o -s tro k e  typ e , a l l  a v a i la b le  
l i te ra tu re  re la t in g  to  such lean burn operations was acquired. I f  the 
tra d it io n a l disadvantages o f  a two-stroke engine (high emissions a t  p a rt 
lo a d , h igh  fu e l consumption and e r r a t ic  o p e ra tio n  a t  low load) can be 
overcome, the advantage o f  simple construction  and high performance per 
u n it volume could s t i l l  be retained.
U n til re ce n tly , the  a tte n tio n  devoted to  measu ng power output and the 
subsequent use o f  l in d e n  p o r t areas has caused th e  above
disadvantages. Tty due to  increased blow-by in to  the exhaust
passages a t high engiuv
A fu rth e r number o f  d iffe rences  between conventional two and four-s troke  
engines e x is t  ( ID :
Trapping e ff ic ie n c y
F igu re  89 r e la te s  the  e f fe c ts  o f  e q u iva le n ce  r a t io  on the  therm al 
e f f ic ie n c y  o f  a f u e l - a i r  c y c le  as a fu n c tio n  o f  tra p p in g  e f f ic ie n c y .  
With conventional two-stroke cyc le  engines the  trapping e ff ic ie n c y  l ie s  
between 0,6 and 0 ,7 , w h ile  w ith  fo u r-s tro k e  engines th e  therm al 
e ff ic ie n c y  1s almost equal to  a trapping e ff ic ie n c y  o f  u n ity . Thus the 
thermal e ff ic ie n c y  o f  conventional two-stroke cyc le  engines Is  lowered by 
I t s  low trapping e ffic ie n c y .
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F ig tira  09 -  The e f fe c t  o f  .rapping e ff ic ie n c y  on fu e l- a ir  c yc le  thermal 
e ffic ie n c y  1
Lean combustion
F igure 89 a lso  indicates the  improvement in thermal e f f ic ie n c y  th a t  is  
obta inable by using lean m ixtures.
A two-stroke engine has advantages fo r  operation c lose  to  tne lean 11m1t» 
namely the  existence o f  high temperature residual gases, tu rb u le n t flo w  
caused by scavenging flo w s , and a wide freedom 1n deciding on the shape 
o f  the combustion chamber.
Im p o rta n t n o tic e a b le  c h a ra c te r is t ic s  o f  tw o -s tro k e  engines a re  th e  
reductions In mechanical, heat and pumping losses. These re s u lt  from the 
mechanical s im p lic ity  and absence o f  va lve  d r iv in g  mechanisms, and from 
the compactness o f  the combustion chambers. Two-stroke engines have low 
pumping losses a t p a r t - th ro t t le  loads (contrary to  fou r-s troke  engines) 
and th is  c h a ra c te r is tic  p a r t ia l ly  accounts fo r  th e ir  unstable combustfon 
a t p a rt load.
Yul and O n lsh l (12) developed t h e i r  combustion process fo r  a fu e l 
in jected  two-stroke engine, A l l  three to x ic  p o llu ta n ts  are co n tro lle d  
and performance Is  Improved by d e lib e ra te ly  re ta in in g  a proportion o f the 
exhaust gases In the engine using c o n tro lle d  s w ir l (Figure BIO).
FUEL INJECTION
RESIDUE GAS
Figure BIO -  YOCP process' C y linder head showing residue gas
They suggest th a t  by such means th e  t r a d i t io n a l  d isadvantages o f  tw o - 
s tro k e  engines a rc  removed# and th a t  fu o l consumption# s p e c tf fc  power 
ou tput and engine response are superior to  those o f a fou r-s troke  engine.
Yui and 0n1sh1's paper was presented fn  2969 and no fu r th e r  work o f  th e  
YOCP process appears to  have been published. In 1984 however# Onlshl e t  
a l <11) presented a study on the M u lt i Layer S tra tif ie d  Scavenging (MOLS) 
process. Two methods o f  s t r a t i f y in g  tw o -s tro k e  engine charges may be 
employed:
1. Combusted gas e x is ts  before a fresh charge 1s Introduced (eg uni flow  
scavenging).
2. Prevention o f  the r ic h  m ixture from escaping by s t r a t i f ic a t io n  o f  I t  
w ith  a i r  o r  a lean  m ix tu re  (eg engines w ith  double a i r  I n le t s  and 
tra n s fe r  p o rts ) .
The MULS process fo l  lows method 2# b u t uses a s in g le  a i r  I n l e t  (F ig u re  
B ID . I t  was found th a t  the incoming m ixture was always heterogeneous. 
Thus# I f  the mixture was Introduced towards the w a l1 opposite the  exhaust 
port« the  density and phase d iffe rences  between tho unmixed fu e l and M r  
resu lted  fn s t r a t i f ic a t io n  occurring.
The above techniques suggested th a t I t  Is  possib le  to  introduce a number 
o f  a ir - fu e l m ixtures o f varying concentrations through separate scaveng­
ing p o r ts  and a llo w  more p re c is e  c o n t ro l o f  th e  combustion process 
(F igu re  B ID . t
Figure B l l  -  MULS engine scavenging
The re s u l ts  o f  t h is  s tudy In d ic a te s  th a t  th e  MULS engine approach 
disp lays the fo llow ing  desirab le  c h a ra c te r is t ic s !
1. Improved thermal e ff ic ie n c y  and brake sp e c ific  power output.
2. Reduced HC and N0X emissions.
3. A p p lic a b i l i ty  to  any two-stroke engine Irre spec tive  o f s ize , load 
cond itions o r purpose.
4. Mechanical s im p lic ity .
A dd itiona l Inform ation on th is  system would be des irab le . The heteroge- 
n lty  o f the  In le t  m ixture using a normal ca rbu re tto r Is  o f  some concern 
In  th e  research engine as w e l l ,  s in c e , In  I t s  present lo c a t io n ,  th e  
exhaust ports  l i e  a t the base o f  the  sleeves (Appendix C). A p roportion  
o f  the heavy# fresh r ic h  m ixture region could be pumped through d ir e c t ly  
in to  the exhaust.
8.2.5 The May Fireball head
The des ign  o f  May (13) Is  n o t d i r e c t !  y r e l  ated to  th e  research engine, 
b u t se rves as a f in e  example o f  h igh compression U  o p e ra tio n  using 
d e lib e ra te ly  high induced turbulence w ith in  the engine, Such a technique 
could a lso  be o f  use 1n fu tu re  development o f  the research engine.
EXHAUST INLET
Ftgure 012 -  The May F ire b a ll combustion chamber
May fo llo w e d  a process o f  e lim in a t io n  In h is  search fo r  a com bustion 
chamber perm itting  high compression ra tio s . He considered tha use o f  the 
bowl-1n-p1ston design and the advantages o f  c o n s tra in in g  com bustion to  
occur beneath the hot exhaust v a lv e  o n ly  before f in a l l y  recommending the 
F ire b a ll chamber (Figure B12).
The spark p lug  Is  located on the  side o f the actual combustion chamber, 
and Ig n ite s  th e  h ig h !y  tu rb u le n t  I n l e t  m ix tu re . Turbulence Is  squ ish  • 
Inducted using an eccentric  connecting channel.
Results using CR’s as high as 14,6:1 Indicate most e f f ic ie n t  operation a t 
AFR’s or 18 to  20:1. A l l  th ree  p o llu ta n ts  are reduced to  the same exten t 
as In  th e  Honda CVCC, b u t th e  fu e l consumption Is  s ig n i f ic a n t ly  b e t te r  
(Tab le  61) than e ith e r  th e  Honda o r a c o n ve n tio n a l engine p r io r  t o  th e  
F lrebaT1 conversion.
Table B1 -  Car data: May F ire b a ll vs standard engine and Honda 
CVCC
G e n e r a l  d a t a
C a r  t y p e V W  P S S b S 1!
' / a r l a n t
S t a n d a r d M a y  F i i - a h a i S t a n d a r d
M o d e l  y e a r 197-1 1 9 7 4
c a r  w e ig h t  ( k g ) 9 1 0 9 1 0
e n g in e  c a p a c i t y  ( c m 3 ) 1 4 B 8
c o m p r e s s io n  r a t i o 7 , 7  t  1
o u t p u t  P S  O IN 6 3
c y l i n d e r s 4 4
IV ie l r e q u i r e d  R O Z 9 1
E C E  T e a t
e m is s i o n s  H C 3 , 1 1 1 . 4
g r / t e s t  c o 8 0 , 4 8 0 , 0 1 7 , 3
N O x 6 , 1 4 2 , 0
E C E  T e s t
c o n s u m p t io n s  M P G
1 / 1 0 ' '  k m 1 2 , 6 8
% r e A i c t l o n
-a=% 1 0 0 %
B.2.6 The Cran*ield-4<ushu1 (C-K) engine
The e a r l le s t  p u b lica tio n  re la t in g  to  th is  engine was In a Russian te x t­
book p u b lis h e d  In  Leningrad In  1965 by V M Kushul. Beale and Hodgetts 
(14,15) presented two papers In th e  m ld-1970's a f t e r  conducting  te s ts  
w ith  a s u i ta b ly  m o d ifie d  Rover engine a t  the  C ra n f le ld  In s t i t u te  o f  
Technology.
The C-K eng ine  may be consfdereti as a complex v e rs io n  o f  th e  research 
engine. The major d iffe rences between the two are:
1, The C-K engine Is  a four-s troke  engine.
2, The C-K*s crankshaft Is  o f fs e t  by 20 to  30 degrees. This provides a 
two-stage tra n s fe r  o f  charge.
3 , D i f f e r e n t  v o lu m e tr ic  CR's a re  used on each c y l in d e r  In  th e  C-K 
engine.
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Figure 813 -  Cranfleld-Kushul engine operating phases
Operation o f  the C-K engine involves th ree  phases (Figure B13).
L  The m ixture cylinder# leading the a i r  cylinder#  contains a combust­
ib le  m ix tu re  th a t  is  Ig n ite d  b e fo re  th e  p is to n  reaches TDC. A t t h is  
p o s itio n #  th e  d iffe re n c e  in  compression ra t io s  (9:1 in  th e  m ix tu re  
c y lin d e r and 38:1 in a ir  cy lin d e r)  and crankshaft phasing ensure th a t  the 
gas pressure In  each c y lin d e r Is  independently equal.
2. The a i r  c y lin d e r now reaches TOC where i t s  volume 1s a minimum. The 
pressure in  the a ir  c y lin d e r Is  g rea te r and i t s  contents are tra n s fe rred  
to  th e  m ix tu re  c y l in d e r  v ia  an in te r - c y l in d e r  connecting  ( IC O  p o rt#  
allow ing a second stage o f  combustion.
3. The f in a l stage o f  combustion occurs during the  expansion phase o f 
both cy lin d e rs . The burning gases now en te r the a i r  c y lin d e r v ia  the  ICC 
p o rt and combust In the remaining a ir .
The la te s t  published Inform ation on th is  engine (15) oates from 1976. At 
th a t  time# th e  le a n e s t o v e ra l 1 AFR th a t  Had been achieved was 50:1 (by 
mass) a t  low loads. Most economical operation a t  low loads was found to  
occur a t  r ic h e r  mixtures# namely a t  an AFR o f 26:1. The engine could be 
operated a t f u l l  a i r  th r o t t le  on a l l  loads, although I t  was found th a t 
s l ig h t ly  c lo s in g  the mixture c y lin d e r  t h r o t t le  created a s t r a t i f ic a t io n  
e f fe c t  and d e live red  the best fu e l consumption. Emissions and s p e c ific  
fu e l consum ption o f  the  C-K engine a re  compared in  F igu res  14-17 w ith  
those  o f  th e  Honda CVCC# th e  B r i t is h  Ley! and BLML# the  Texaco and th e  
Ford Proco des igns. A n  engines ware ad justed  f o r  minimum em iss ions , 
w h ile  the  C-K was a lso  adjusted fo r  minimum fu e l consumption.
HII
815 -  V aria tion  o f NO emissions 
w ith  indicated loadFigure B14 -  V aria tion  o f the brake 
sp e c ific  fu e l consunp- 
x t io n  w ith  brake load
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Figure 817 - V aria tion o f HC emissions 
w ith  indicated load
Figure B16 -  V aria tion  o f CO emissions 
w ith  Indicated load
B22
O peration a t  AFR's as lean  as 50:1 o v e r a l l  demands th a t  h igh  s w ir l  be 
Induced daring the second phase o f  combustion. This was achieved by an 
angled ICC p o r t (F igu re  B13). The e f fe c t  o f  changing t h is  p o r t
con figu ra tion  was monitored by measuring the tra n s ie n t pressures in  each 
c y lin d e r and by noting the pressure d iffe rences and the onset o f  knock.
Arques (16) comments, "The c y c le  and th e  engine conceived by Kouchoul 
presents the  p a r t ic u la r  feature o f  enabling technica l separation o f  the 
two functions o f  mass tra n s fe r  and energy release during combustion". He 
p resents  a th e o re t ic a l model o f  th e  C-K engine and concludes th a t  the  
engine Is  well adapted to  the study o f  flame propagation In SI engines.
B.3 S p e c ific  Areas o f  Study
Presented here are areas o f  engine design which e f fe c t  LB engine 
performance and emissions. Certa in  o f  these may be incorporated In to  the 
research engine by fu tu re  researchers.
The m ateria l is  discussed under the fo llow ing  headings:
8.3.1 Ig n it io n  systems
B.3.2 O r if ic e  and prechamber s ize and shape
8.3.3 External devices (eg c a ta ly t ic  convertors)
6.3.4 Combustion chamber s ize  and shape
B.3.5 fu l l y  open a ir  th ro t t l in g
B.3.1 Ig n it io n  system
Tanuma e t  a l (17) s tu d ie d  th e  e f fe c ts  o f  spark p lu g  gap w id th , gap 
p ro je c t io n ,  spark energy, and m ix tu re  tu rb u le n c e  on the lean  7 f n f t  o f  
th e ir  research engine. They found th a t:
1. The lean l im i t  is  highest and le a s t e ffected  by spark gap w idth w ith  
sm all centre  e lectrode  diameters (Figures B18, B19, B20)
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F ig u re  B18 -  E f fe c t  o f  gap w id th  arid ce n tre  e le c tro d e  d iam e te r on lean  
l im i t
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F igu re  BX9 -  Improvement o f  lean l im i t  F igu re  I 
by widening gap w idth from
0,5 mm to  1,0 mm
I  -  E ffe c t o f  gap width 
and spark tim ing  on 
the  lean l im i t
2, The lean l im i t  extended the  highest AFR w ith  the deepest spark plug 
gap p ro jec tion  In to  the  cy lin d e rs  (Figure B21).
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Figure B21 -  E ffe c t o f  spark plug gap pro jection  on lean l im i t
3. Varying the spark energy a t constant Ig n it io n  tim ing  did not extend 
the lean l im i t  s ig n if ic a n t ly .  The greatest e f fe c t  occurred a t the  lower 
spark plug gap w idths (Figure 822).
1
1
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Figure B22 -  E ffe c t o f  spark energy on lean l im its
4. Increasing the  In le t  m ixture turbulence using shrouded In le t  va lv e  
guides Improved the  lean l im i t  and sbv o f  operation considerably
on th e ir  engine.
D ale  and Oppenhetm (18) rev lew th e  more novel methods o f  Ig n i t io n  f o r  
lean burn engines:
1. High energy spark plugs
2. Plasma Je t Ig n ite rs
3. Photochemical» la se r and microwave Ig n it io n  concepts
4. Torch c e l ls  (pro-chamber c a v itie s )
5. Divided chamber SC engines (pre-chamber w ith  separate In le t)
6 . Flame to rch  Ig n ite rs  (as 5 but using small o r l f l l )
7 . Combustion J e t Ig n ite rs  (as 6 but supersonic to rch  v e lo c itie s )
8. EGA (exhaust gas recyc ling ) Ig n it io n  systems
They conclude th a t on the basis o f fa s t  d ispersion o f  Ig n it io n  sources to  
Improve LB opera tion#  th e  EGR. combustion J e t antf plasma J e t tg n f te r  
systems are the most desirab le . Such systems are s t i l l  under research 
and no production examples e x is t.
Oblander a t  a l (19) te s te d  an engfne f i t t e d  w ith  tw o, ra th e r  than  a 
s in g le  spark plug per c y lin d e r (Figure B23). While the technique led  to  
s t i l l  unacceptab le  em iss ion  e h a ra c te r fs t jc s »  I t  d id  v e r ify  the  fa s te r 
ra tes o f  pressure r ls o  and the  Increase In the lean l im i t .
F igu re  B23 -  Combustion chamber design o f  s in g le  c y l In d e r engine w ith  
dual ig n it io n
8 .3 .2  O r if ic e  and pre-combustion chamber s ize  and shape
Sinnamon and Cole (20), using a modified Cooperative Fuel Research (CFR) 
f l a t  head enp ino  w ith  a d iv id e d  chamber head, s tu d ie d  th e  e f fe c ts  o f  
v a ry in g  th e  t chamber at,d main chamber i n l e t  AFR's. They de fin e d  th e  
term  ‘ degree • s t r a t i f i c a t io n '  as the  r a t io  o f  prechamber to  main 
chamber equivalence ra tio s  a t  ig n it io n . Both chambers were f i t t e d  w ith  
th e ir  own in le t  systems (Figure B24).
Figure B24 -  Cross section  o f  CFR engine
A lthough th e  prechamber on the  research engine te s te d  by th e  a u tho r Is  
I t s e l f  a c y lin d e r  (the m ixture cy lin d e r)  which Is  used to  e x tra c t power# 
the fo llow ing  f in d in g  o f  the above study may be o f  relevance:
1. The shape and cross-sectional area o f  the connr.-tlng o r i f ic e  a ffe c ts  
the  In te n s ity  o f  com bustion Induced tu rb u le n ce #  produced by the  to rc h  
Je t.
2. The r e la t iv e  s ize  o f  the r ich  and lean zones can be co n tro lle d  by the 
choice o f  prechamber and main chamber volumes.
3. The best fu e l consumption occurred w ith  an o v e ra ll equivalence ra t io  
o f  0.8. The le a s t  v a r ia t io n  in  fu e l consumption o v e r a wide range o f  
o v e r a l l  m ix tu re s  occu rred  w ith  th e  lo w e s t degree o f  s t r a t i f i c a t io n  
(F igure B25).
f  . . . . .  .
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F ig u re  B25 -  E ffe c t o f  s t r a t i f ic a t io n  and o v e ra ll equivalence ra t io  on 
fue l consumption
Yagl e t  a l (21) observe th a t  a branched co n d u it type  to rc h  passago 
between the  a u x il ia ry  and main combustion chambers 1© suits in improved 
anti-knock q u a lit ie s  (Figure B26).
I t  has been confirmed by high speed photography (22) th a t the d if fe re n t 
p ressure drops across each c o n d u it r e s u lts  In  one branch Ig n i t in g  th e  
main charge o n ly . The pressure r1sv in  the main chamber rs c lrc u ld te s  the 
unburn t gases in  th e  rem aining co n d u its . F igure  B27 demonstrates th e  
antf-Knocfc t.fiproveMents e t  f& l 1 t h r o t t le  on the engine used by Yagl e t 
a l .  The compression r a t io  was 8.8:1 andAO 1s the  d lf fe n c e  between th e  
crank ang le  a t  th e  ODset o f  knock and th e  minimum bes t to rque  advance 
(MBT).
Figure 826 -  Branched conduit type o f  combustion chamber
F u ll lo a d  C o m p re s s io n
10
Speed ^ pm)
Figure B27 -  Anti-knock q u a lity  o f  s t ra t i f ie d  charge engines
.
Although  fu e l in je c t io n  In to  bo th  th e  a u x i l ia r y  and main chambers was 
used. Kataoka and H lrako  (23) observed th e  Importance o f  th e  to re . 
Issu in g  from  th e  o r i f i c e .  A w e ll  re g u la te d  to rc h  caused a ra p id
combustion even w ith  a f a i r l y  lean  m ix tu re  (F igu re  B28), Th is  occurs 
s in ce , as th e  o r i f i c e  d iam eter Is  decreased, a la rg e r  f ra c t io n  o f  th e  
mixture Is  bu rn t In the e a r ly  stage, reducing the combustion duration and 
consequently a higher peak pressure can be obtained 1n the cyc le  (F igure 
B29). This Ind ica tes th a t the combustion process Is  re la ted  to  the to rch  
k in e t ic  energy.
Figure B28 -  Cross section o f  combustion chamber
I
Clink wile ‘ATC:
Figure B29 -  E ffec ts  o f o r i f ic e  dimensions
831
B.3.3 External devices
Goulburn and Hughes (24) presented a study o f  the homcgenfzatfon o f  the 
In le t  a ir - fu e l m ixture by means o f heating. The advantages o f  the leaner 
m ixtures, namely Improved thermal e ffic ie n c ie s  and emission characte ris ­
t ic s  o ffs e t the  reduction In vo lum etric  e ffic ie n cy .
B.3.4 Combustion chanter s ize  and shape
Lucas and Brunt (25) Investigated the In te rac tion  o f combustion chamber 
shape, spark plug lo ca tio n  and compression ra t io . Designs tested were 
the  May F ire b a l l ,  ’bathtub' and 'd isc '.
They conc lude th a t  f o r  f ix e d  compression  r a t io s ,  flam e speed Is  no t 
e ffected  by combustion chamber shape but the ra te  o f combustion pressure- 
r ls e  and c y c l ic  d is p e rs io n  a re . Thus, fo r  lean  m ix tu re s , combustion 
chambers capab le  o f  fa s t  com bustion ra te s  are p re fe r re d . Examples 
include the 'b o w l- ln -p ls to n ' and May F ire b a ll designs.
B.3.5 F u lly  open a i r  th r o t t l in g
The e l im in a t io n  o f  I n l e t  a i r  t h r o t t l i n g ,  and the  c o n tro l o f power by 
means o f fu e l supply on ly , re s u lts  In  a charge o f  higher density and thus 
an Improved vo lum etric  e ffic ie n c y . Harrow and C lark (26) studied such 
o p e ra tio n  on an LB engine. A m ix tu re  g e n e ra to r provIded  a homogeneous 
in le t  charge. The fo llow ing  te s ts  were conducted:
1. A wide open t h r o t t l e  (WOT) the  AFR was va rie d  and spark p lu g  tim in g  
optim ised to  MBT.
2. A t WOT th e  spark t im in g  was va r ie d  a t  va rio u s  AFR's u n t i l  knock 
occurred.
3. For a s e r ie s  o f  AFR's. th e  engine was th r o t t le d  and spark t im in g  
optim ized.
I t  was concluded th a t  w ith  normal c a rb u ra tlo n  (1e In  th e  absence o f  a 
m ix tu re  generator# such o p e ra tio n  would cause a complex p a tte rn  o f  
In s ta b i l i t y ,  and even w ith  a m ixture generator a WOT cond ition  could be 
used o n ly  a t  th e  top  30% o f  the  In d ica te d  power o u tp u t. A ls o , th e  
advance In  microprocessor technology could a llo w  automatic advances 1n 
spark t im in g .
B.4 Miscellaneous
Sakai e t a i (27) and H a ll and Sorenson (26) compared the performance o f  a 
co n v e n tio n a l engine w ith  th a t  o f  the  same engine m o d ifie d  f o r  LB 
o p e ra tio n . In  both s tu d ie s  LB o p e ra tio n  le d  to  low er CO and N0X and 
h ig h e r HC em iss ions. No n o tic e a b le  Im p r in  fu e l consumption
occurred vhen converting to  LB operation.
APPEtolX C
DESCRIPTION OF THE RESEARCH ENGINE
The mode o f  operation and a b r ie f  descrip tion  o f the  research engine was 
presented In  Appendix A, p A7. Mechanical d e ta i ls  and h is to ry  o f  
m od ifica tion  to  the engine fo llo w .
C . l Basic Engine Dimensions
The research engine is  a modified version o f  the Yamaha 55BM» an outboard 
engine fo r  marine a p p lic a t io n s .  T h is  1s a tw o-cy l1nder>  n o rm a lly  
a s p ira te d  (two c a rb u re t to rs ) ,  tw o -s tro k e  engine having a rated maximum 
power o f  40 kW (55 HP). Typica l o f two-stroke cyc le  engines, peak power 
Is  developed a t high speeds namely 7000 rev/mln (F igure C l) .
The f i r s t  c y lin d e r leads the second by a crankangle o f  180°, w ith  p is ton  
s tro ke s  o f  72 mm. Each c y l in d e r  has a bore o f  82 mm, g iv in g  an o v e r­
square engine o f 760 ck?  capac ity . The ca rbure tto rs  are located on the  
crankcase, the mixture being contained by the usual reed va lv e  arrange­
ment. Com bustib le  m ix tu re s  a re  s u p p lie d  to  the  c y l in d e rs  v ia  th re e  
tra n s fe r  ports per cy lfn d e r.
/* scaled tra c in g  o f  the cross-section  o f the  c y lin d e r ports  are shown In 
F igure C2. The approximate areas o f the exhaust p o rt and each tra n s fe r  
p o rt are 1460 ran  ^ and 470 mm^  re sp e c tiv e ly . The top o f each p is ton  a t  the  
circumference coincides w ith  the  top o f  each c y lin d e r sleeve. Thus the 
to p  o f  th e  s le e ve  was used as th e  datum fo r  th e  re la t io n s h ip  between 
p is ton  depth and crank angle (Table C l, F igure C3).
Figure C2 -  Production Yamaha 55BM engine
I CYLimR HEAD 1
SPACERS
% r" CYLINDER CIRCUMFERENCE 2S8mm
TRANSFER 2
EXHAUST TRANTER 3
Figure C2 -  C y linder po rt lo ca tio n  and dimensions
TAfll£ C l -  P iston depth (below cy lin d e r sleeve) vs crank angle
depth (mm) angle(Deg) Depth (ran) angle (Deg) Depth (mm) Angle (Deg)
0 0 (TDC) 62,8 130
0 10 64,7 135 52,9 250
2,4 20 66,3 140 48,4 260
7,0 30 68,7 150 41,3 270
10,7 40 70,5 160 34,5 280
15,4 45 71,6 170 28,1 290
17,3 50 71,9 ' 180 (BOO 21,5 3001
23,9 60 71,6 190 15,3 310
26,9 70 70,4 200 12,5 315
36,6 80 68,5 210 10,0 320
42,7 90 65,8 220 5,7 330
48,7 100 64,2 225 2,5 340
54,2 110 62,2 230 0,5 350
58,9 120 58,0 240 0,1 360 (TDC)
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F igu re  C< shows t w  range o f  crank ang les f o r  which the  exhaust ind 
tra n s fe r ports  are open. This Information *111 be o f  use when studying 
the  c y l in d e r  com bustion pressure cu rves . The exhaust p o r t Is  open 
between 92 and 266° a f t e r  TDC. The t ra n s fe r  p o r ts  a re  open between 115 
and 244° a f te r  TDC.
266<
EXHAUST 
PORT OPEN
BOTH PORTS 
OPENBDC
Figure OS -  Port tim ing  on research engine
C.2 Engine M od ifica tions by Past Researchers
The engine as s u p p lie d  by Mr R M Amm was f i t t e d  w ith  h is  patented 
c y l in d e r  head o f  v a r ia b le  compression r a t io  s t r a t i f i e d  charge des ign  
(VCRSC). The crankshaft had been r e b u i l t  so th a t  both pistons moved in  
unison. This m od ifica tion  was necessary both fd r  the VCRSC cy lfnde '* head 
and fo r  the  head tested  In th is  study.
C6
O’B rfen and Nel (29)# d u rin g  t h e i r  f in a l  yea r research p ro je c t  In  1984 
In it ia le d  the conversion o f  the engine and te s t  r ig  to  I t s  present form. 
Id  o -d e r t o  connect th e  engine t o  a w ater brake dynamometer, the  crank 
flyw heel was removed. The flywheel a lso  contained pa rt o f  the Ig n it io n  
system. D e ta ils  and drawings o f  a l l  m od ifications and equipment acquired 
are presented in  th e ir  report (29).
A new f ly w h e e l ws manufactured to  he used fo r  s ta r t in g  the  engine 
m anua l!y  w ith  a r ip c o rd . The redesigned Ig n it io n  system was f i t t e d  to  
the f in a l d r iv e  end o f  the  crankshaft, and u t i l iz e d  a standard breaker- 
p o in t and cam system w ith  no automatic advance. Manual adjustment o f  the 
ig n i t io n  t im in g  d u ring  engine te s t in g  was cons idered  im p o rta n t and 
allowed fo r .
A new s in g le  piece aluminium c y lin d e r head (Figure C5) was manufactured 
which uses th e  e x is t in g  w ater c o o lin g  system o f  th e  engine. The 
re s u ltin g  combustion chambers are o f  the  d isc  type w ith  c e n t ra l ly  located 
spark plugs. P rov is ion  fo r  the f i t t i n g  o f pressure transducers was made 
(F igure  C5). The in te r - c y l in d e r  t r a n s fe r  p o r t  is  w ide bu t s h a llo w  
(40 x 2mm), the  cross-sectiona l area having been se lected on the basis o f 
th e  work o f  H irako  and Kataoka (23). The p o r t  was no t machined a t  an 
ang le  to  th e  l in e  connecting  th e  c e n tre s  o f  th e  c y l in d e r  bores, as 
practised w ith  the  Cranfle ld-Kushul engine, since the d ire c tio n  o f  s w ir l 
in  the  c y l in d e rs  fo r  th e  Yamaha was n o t known. The coo l ing  Jacke t may 
a lso  be seen in  Figure C5.
A spacer p la te  and two gaskets nest between the c y lin d e r sleeves 'and the  
head to  reduce the compression ra t io  (Figure C6).
Figure CS -  Cylinder head and water coo ling  Jacket
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Figure C6 -  Cylinder head assembly
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Using F igure  06, (and n e g le c tin g  the  volume o f  the  In te r -c y l1 n d e r  
connecting  p o r t) ,  th e  nominal and e f fe c t iv e  compression r a t io s  were 
ca lcu la te d  as fo llo w s ;
Nominal compression ra t io
At BOG V, = 2 x i r /4  *  dx  » S, where; d = 62 ms
S, ■ B2,5 nm
V, = 6,653 x lO** nr3
At TOC Vx  » 2 /4  *  d*- « Sx where; d » 82 mm
■ 10,3 mm
V* -  1,0679 x  l< f  ** ma
Volume compression ra t io  = OR = V.y^
C R = e // t
Nominal OR 8:1
E ffe c tiv e  compression ra t io
As the  p is tons close the exhaust port
V, -  2 x V /4  *  d* *  S, where; d » 82 mm
S, « 82,3 -  28 ■ 54,3 ran
V, -  5,735 x lO-11 m*
At TDC X. *  1,0879 x 10 ^ m as previously 
E ffe c tiv e  CR 5 , 3 * 1
O rig ina l 1 y the research engine ran w ith  the crankshaft axis v e r t ic a l , as 
intended by th e  m anufactu re rs . The in ta ke  m a n ifo ld  had to  be rep laced  
w ith  one th a t allowed the  carbure tto rs to  operate w ith  the engine mounted 
h o r iz o n ta l ly .  Both c a rb u re tto rs  were connected to  a common a1 r 
reservo ir. The a ir  f lo w  In to  the re se rvo ir was measured using an o r i f ic e  
p la te  w ith  corner tappings.
The research engine was never run by Nel and O’ B r ie n , hence no t e s t  
re su lts  using the  new cy lin d e r head were ava ilab le .
0,3 Further M od ifica tions During the  Present Study
In order to  perm it r e l ia b le  operation o f  the te s t  f a c i l i t y ,  a number o f  
fu r th e r m od ifica tions had to  be made to  the engine, the dynamometer and 
the  c o u p lin g  between th e  two. D e ta i ls  o f  y e t f u r t r e r  m o d if ic a tio n s  
p e rm itt in g  th e  I n s t a l la t io n  o f  In s tru m e n ta tio n  are d iscussed In  th e  
fo l lowing Appendix.
The engine could not be std rted  manually using the  ripco rd . An e le c t r ic  
m otor was th u s  used as a s ta r te r  (F igure  C7). By means o f  f l a t  b e l t  
p u lle y s  f i t t e d  to  th e  m otor and dynamometer, (203 and 406 mm diam eter 
re s p e c t iv e ly ) ,  th e  research  engine was motored a t  860 re v /m ln  v ia  the  
dynamometer. The Ig n it io n  was then switched on, and once the engine had 
s ta rted , power to  the  e le c t r ic  motor was disconnected. I f  desired, the 
b e lt  could be removed by p iv o tin g  the motor base p la te  f u l l y  upwards. A 
guard was f i t t e d  around the dynamometer pu lley .
In  add ition  to  ease o f  s ta r t in g , the a b i l i t y  to  motor th e  engine proved 
most useful 1n the c a lib ra t io n  o f  Instruments and tr .*  alignment o f  the 
engine and dynamometer.
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F fg ire  CT -  S ta rte r motor assembly
O nly one common a i r  I n le t  re s e rv o ir  t o  bo th  c a rb u re tto rs  was f i t t e d .  
Hence a i r  I n le t  pressures could be equalised o n ly  by varying the th r o t t le  
s e ttings . In  order to  permit te s tin g  under a w ider range o f conditions* 
and to  In v e s t ig a te  th e  use o f  no a i r  t h r o t t l i n g  on one c y l in d e r ,  th e  
dependence o f  fu e l flo w  on the a i r  t h r o t t le  s e ttin g  (as In  co n ve n tio n a lly  
a sp ira te d  eng ines) was removed. Th is  was achieved by m od ify ing  th e  
ca rbure tto rs  and f i t t i n g  an e x te rn a lly  ad justab le  needle d irected In to  
the main fu e l J e t w ith in  each carbu re tto r. I t  was now possible to  vary 
th e  a i r  fu e l r a t io  In to  each c a rb u re t to r  w ith o u t changing th e  pa in  j e t  
(Figures C 8-C II).
L u b r ic a n t f o r  t h is  2 -s tro k e  engine was premixed In to  th e  fu e l .  Conse­
quently* lean ing  out the a lr - fu e l m ixture In the lean /a1r cy lin d e r would 
a lso  decrease the  quantity  o f  lu b r ic a n t and Increase the p o s s ib i l i ty  o f  
seizure.
Figure C8 -  Fuel flow th ro t t l in g  device
To overcome th e  above danger In  le a n  burn op e ra tio n s , an a u x i l ia r y  
lu b r ic a t io n  system was p ro v id e d  as a supplement, ihe lu b r ic a n t  was 
induced In to  the vacuum between the  a i r  cy l Inder carbure tto r and the reed 
v a lv e  (F igu re  C12). A need le  v a lv e  p e rm itte d  e q u a liz a t io n  o f  th e  
lu b r ic a n t flow  ra te  under varying vacuum pressures.
Au. Othcp. 'fotcfiwjces 
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Figure C9 -  Needle housing
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F igure CIO -  Fuel needle
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View in  d ir e c t /o n  A
Figure C11 -  Main fu e l je t
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FIGURE C12 -  A1r cy lin d e r lu b rica n t reserve
In  o rd e r to  Improve th e  low  fu e l l in e  pressures# a M ltsuba dlaphram 
e le c t r ic  fu e l pump was In s ta l le d  In to  each fu e l l in e .  The fue^ pumps 
a lso  contained f i l t e r s  which could not be In s ta lle d  p rev ious ly  due to  the 
Increased fu e l l in e  losses.
D uring p re lim in a ry  te s t in g ,  th e  research eng ine  and dynamometer were 
found to  be m isa lig n e d . A lso , the  co u p lin g  (Fenner MRC 130) had been 
e c c e n tr ic a lly  mochlned. The to ta l re s u lt o f  these e rro rs  was a v ib ra tio n
during running o f  approximately three m illim e tre s  amplitude. This was 
o r ig in a l ly  thought to  be due to  the Inherent lack o f  primary Imbalance In 
the research engine.
A f t e r  re m a c h ln fn g  th e  c o u p lin g s  and r e a l ig n in g  th e  e n g in e  and 
dynamometer* the engine was secured to  the base p la te  and located using 
dowel pins.
Henceforth* should the  coupling requ ire  any maintenance* the dynamometer 
h a lf  may be s l id  back* the f le x ib le  water coo ling  pipes removed* the a i r  
In ta ke  re s e rv o ir  d isconnected* and th e  engine loosened and removed. 
Replacing the engine to  the base p la te  and r e f i t t in g  the dowel pins# w i l l  
ensure th a t  th e  engine and dynamometer w i l l  be Im m ediate!y re a l Igned. 
Thus* 1 t Is  n o t recommended th a t  e ith e r  th e  dynamometer o r  tn e  engine 
base p la te  be moved from th e ir  present lo ca tion .
rAPPENDIX D 
INSTrajHEWTATION
T h is  appendix describes  the  Ins trum en ta tion  system used fn determining 
engine performance ch a ra c te ris tics . The emission o f  p o llu ta n ts  was not 
monitored.
0.1 Test System Parameters
The in te r r e la t io n  between o p e ra to r Induced in p u t param eters, In h e re n t 
engine parameters and engine output parameters Is  shown in  Figure 01.
Outputs
Measured
Inherent
engine
parameters
Change in
engine
parameters
Input by 
operator 
(con tro ls  
loading)
F igure 01 -  Logic diagram o f engine Inputs and outputs
D.1,1 System Inputs
The Input parameters which were varied by the operator during th is  study 
were th e  e n g lre  lo a d in g * fu e l and a i r  f lo w  ra te s  to  the  c y l 1nders» and 
the spark Ig n it io n  tim ing .
0.1 .2  System outputs
The param eters which were measured d u ring  te s t in g ,  and th e  typ e  o f  
Instrumentation f i t te d  to  the system are discussed below.
Combustion chamber pressures
The tra n s ie n t pressure In both combustion chambers was monitored In order 
to  observe th e  onse t o f  knock and to  a sce rta in  th e  d ire c t io n  o f  charge 
t r a n s fe r  th rough th e  In te r - c y l in d e r  t r a n s fe r  p o r t .  P ie z o -e le c t r ic  
pressure transducers are best suited to  th is  task.
Fuel consumption
The fu e l su p p ly  t o  each c y l in d e r  was independen tly  measured using 
constant volume g la 'is  fu e l flo w  meters. In  view o f  the la rge  v a r ia tio n  
in fu e l f lo e s  (w M le leaning out the a i r  cy linder)#  n e ith e r rotameters 
nor tu rb ine  bladed fu e l flo w  meters were considered s u ita b le . A t a la te r  
stage p o s it iv e  d lsp laceron t gear pump fu e l flo w  meters w ith  an analogue 
output were f i t te d .  In order to  reduce the time taken fo r  each te s t ,  and 
to  p rovide a means o f  continuously monitoring the fu e l flo w  ratej to  each 
c y lin d e r.
Engine speed was measured using a d ig ita l hand-held tachometer.
D3
Torque
The engine ’ s power o u tp u t was absorbed using a water-brake dynamometer. 
The torque could be read o f f  a d ia l connected to  the p ivo tin g  dynamometer 
housing.
A ir  mass flow  rate
The t o t a l  a i r  f lo w  ra te  to  t h is  engine was measured using an o r i f i c e  
p la te  f i t t e d  to  th e  i n l e t  o f  an a i r  surge damper drum. A t p re se n t, a 
common drum supplies a ir  to  both m ixture and a ir  cy lin d e rs , thus l im it in g  
te s t in g  to  equal a i r  t h r o t t l e  s e t t in g s  ( th a t  Is ,  equal a i r  mass f lo w  
rates to  both c y lin d e rs ).
In le t  a i r  temperature
The I n le t  a i r  tem perature was measured by a therm ocouple f i t t e d  to  the  
In te r io r  o f the surge drum.
Exhaust gas pressure
Some means o f  recording combustion pressure w ith  respect to  atmospheric 
p ressure was re q u ire d . Hence a manometer was f i t t e d  to  th e  exhaust 
m a n ifo ld  from  which th e  Mean exhaust pressure  was read. T h is  exhaust 
pressure  was taken to  c o in c id e  w ith  th e  minimum combustion chamber 
pressure recorded a fte r  the exhaust po rt had opened (EPO) (Figure 02).
r  s p y
EPC EPO
MINIMUM EXHAUST'
PRESSURE
Figure 02 -  Exhaust pressure datum 
Transfer p o rt d if fe re n t ia l pressures
I t  was found th a t I t  was not possib le  to  balance the  carburettors during 
te s t in g ;  th u s  th e  pressures across the  t r a n s fe r  p o rts  were balanced 
Instead. This was achieved by tapping holes In to  one o f each c y lin d e r ’s 
tra n s fe r p o rt and connecting a d i f f e r e n t ia l  p ie z o -e le c t r ic  tra n sd u ce r 
across them.
0.2 S p e c ifica tio n  and C a lib ra tio n  o f  Instruments 
0.2.1 Combustion chamber pressures
Instrument d e scrip tion  i 
Hako i
O rig in  i
A pp lication
P1ezo-electr1c pressure transducers 1
W interthur* Switzerland 
6121A1
One f i t t e d  p e r c y l in d e r  e n c lo se d  1 n 
pro tective  water cooled Jacket (Figure 03)
Seria l number : 143266 (m ixture cy lin d e r)
$ 179756 ( a i r  cy lin d e r)
Range : 0-250 bar
S e n s it iv ity  $ -13,95 pf 'oar (m ixture cyTlf'der)
: -12*9 pC/bar ( a ir  cy lin d e r)
Output to  : K ls t le r  charge a m p lifie rs , model 5001
C a lib ra tio n  : Supplied w ith  Instrument by manufacturers
R0LLE0 STAINLESS 
STEEL FINE
WATER COOLED
F ig u re  03 -  Water c f  led transducer housing -  ^assem b led  and s 
In to  cy lin d e r head w ith  transducer
0.2.2 Feel consumption
Two methods o f  fue l consumption were used during te s tin g .
1) Instrument descrip tion  :
Make
App lica tion
Glass bowl fu e l flow  meters. One bowl per 
fu e l supp ly  l in e  to  each c y l in d e r .  The 
tim e  taken fo r  each bowl t o  empty was 
recorded.
Manufactured In-house
F it te d  between th e  main fu e l supp ly  tank 
and each cy linde rs  ca rb u re tto r. (Figure D4)
zr
73,783 36,84-2 CALIBRATED 
I grams j MARKINGS
MEASURING
TO MIXTURE TO AIR
CYLINDER CYLINDER
Figure D* -  Glass bowl fue l flow  meters
Bowl sp e c ifica tio n s  s 73,783 g fuel 
36,842 g fuel 
C a lib ra tio n  : see Table 01
(m ixture cy linde r) 
( a i r  cy linde r)
Table D1 C a lib ra tio n  o f glass bowl fue l flow  meters
BOWL Test I  (g) Test 2 (g) Test 3 (g) Mean (g) Standard 
dev1*t1on (g)
M ixture
cy lin d e r
73,80 73,85 73,70 73,78 0,0624
A1r cy lin d e r 37,00 36,75 36,77 36,84 0,0471
11) Instrument d e scrip tion  :
O rig in
Model
A pp lica tion
S eria l number
Cal Ib ra tlo n
P os itive  displacement gear pump fu e l flow  
meter w ith  continuous analogue d isp la y  and 
voltage, outpyt 
Pferburg
Neuss, West Germany 
PLU 106
One f i t t e d  per c y l In d e r between th e  main 
fu e l s u p p ly  ta n k  and each c y l in d e r  
carbure tto r (Figure 05)
3749 (m ixture cy lin d e r)
2542 ( a i r  cy linder)
The Indicated outputs both from the analo­
gue d isp la y  and the  DC vo ltage  output were 
recorded fo r  a v a r ie ty  o f  fu e l flows. The 
fue l flow s were obtained by th r o t t l in g  the 
output o f  each fu e l pump and measuring the 
ra te  o f  change o f  mass as th e  fu e l was 
discharged In to  a beaker on an e le c tro n ic  
balance.
MAIN
FUEL
TANK
ANALOG
DISPLAYS
DATA
U3GGER
PiERBURGS
FUEL PUMPS
CARBURETTORS
Figure US » Plerburg fu e l flow  meters In fue l supply lin e
Table D2 Plerburg 3749 fue l flow  meter c a lib ra tio n  -  M ixture cy linde r
Display 
output (1 /h r)
E le c tr ic a l 
output (mV)
Fuel mass 
change (g)
Time
<s)
Fuel flow 
Rate (g/s>
0,85 11,4 36,0 221 0,163
1,10 14,2 36,0 185 0,195
1,75 22,0 36,0 107 0,331$
2,80 35,3 46,0 84 0,548
3,60 45,6 60,0 85 0,706
4,05 51,7 85,0 105 0,810
4,92 62,5 85.0 89 0,960
cva> aiutiMOU
Table D3 Plerburg 2542 fue l flow  meter c a lib ra tio n  -  A ir  cy lin d e r
D isplay 
output (1 /h r)
E le c tr ica l 
output (mV)
Fuel mass 
Change (g)
Time
(s)
Fuel Flow 
Rate (g /s )
1,50 6,9 20,0 59,4 0,337
1,60 6,1 25,0 64,2 0,389
2,00 9,1 25,0 58,2 0,430
2,70 12,2 35,0 60,4 0,579
3,55 15,8 45,0 59,2 0,760
4,20 18,9 55,0 61,0 0,902
4,60 20,6 60,0 61,8 0,971
5,10 22,3 65,1 61,2 1,064
6,20 27,2 80,3 62,0 1,295
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D.2.3 Torque
Instrument d e scrip tion  : W ater b rake  dynamometer w ith  m e ch a n ica l 
analogue torque output Ind ica to r 
$ Hoffmann 
i El7.e» West Germany 
: Not known
: Driven from engine v ia  Fenner HRC 130 coupling 
$ Applying torque to  the dynamometer s ta t ic a l ly  
using known masses and a le v e r  arm (Tab le  04, 
Figure 09). Engine v ib ra tio n  was simulated by 
l i g h t l y  tapping the d ia l face.
Table 04 Dynamometer c a lib ra tio n
Make
O r ig in
Model
App lica tion  
C a ltb ra tlon
Tesv No Applied torque 
CNra)
Indicated
output
(u n its )
Applied torque 
(Mu)
Indicated
output
(u n its )
0 1,025 15 37,30 5,950
2 3,73 1,500 16 34,28 5,706
3 6,78 1,900 17 31,23 5,300
4 9,80 2,350 18 29,53 5,000
5 12,77 2,750 19 26,49 A,650
6 15,81 3,150 20 23,47 4,300
7 17,45 3,400 21 20,49 3,900
8 20,49 3,800 22 17,45 3,475
9 23,47 4,175 23 15,81 4,250
10 26,49 4,575 24 12,77 2,850
11 29,53 5,000 25 9,80 2,350
12 31,21 5,200 26 6,78 2,050
13 34,28 5,575 27 37,33 4,575
14 37,30 5,950
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0.2 .4  Mass flow  rate o f a t r
In s tn n a n t descrfptfoR i O r f f fc e  p la te  f i t t e d  to  i n l e t  o f  a i r  surge 
damper drum w ith  corner tappings. Manufactured
according to  ISO 5167-1980(E).
Renarks $ Three o r i f i c e  p la te s  were a v a i la b le  (asm
requ ire d ) hav ing  d iam eters o f  20,0, 25,0 and 
35,0 mm resp e c tive ly . The 20,0 mm o r if ic e  p la te  
was used fo r  te s tin g .
showed th e  20 mm o r i f i c e  p la te  t o  be s u ita b le -  
the c r i te r ia  being th a t the pressure drop should 
never exceed 200 mm o f  w a te r, t h is  v a l ue being 
the maximum o f a range on the d ig ita l e le c tro n ic  
AIR (A ir  Instruments Resources) micromanometer 
used (Model MP6KMD)
d *  o r f f fc e  d fa ro ttir  a 0,02 m
■ atmospheric a i r  density ( k g / i f )
■ change In pressure (Pa)
» flow c o e ff ic ie n t
£  *  expansion fa c to r ,
D » diameter o f re se rvo ir— 0,6 m
E *  v e lo c ity  o f  approach fa c to r CL 1
g *  9,79546 m/s1"
Ah *  drop across o r i f ic e  (m 1-1*0)
O r if ic e  p la te  
ca lcu la tio n : Pre lim inary te s ts  fo r  the speed ranges required
where : qm = mass flow  rate (kg/s)
f t  thus C ■ 0,5959 C *  c o e ff ic ie n t o f  discharge = ^
=<. = CE thus X-tsC ■ 0,5959 
£  sal fo r  assumed incompressible f lu id s
Ap 9 & h where i  /  *  density o f  water ss 1000 kg/m*
APCPa] ■ 1000 U o .o o i*  A h Cmml
015
1000APCkPal = 9,79546WAh Cmm3 -  (1)
/ i  where : y , = a i r  density o f atmosphere
P = atmospheric pressure (Pa)
R = 287 W /kg K 
T = temperature (K)
n P tk P a l» 1 0 0 0   M
2 87  * T
S ubstitu ting  (1) and (2 ):
5m » 0 ,5959» jr *  0 ,02* /z »  9.795<6» t  h [iw l » P[kPa]» 1000^
k  I _________ , 287*T t°K l
qm = 1,5467 *  io s /  P tK P akt hlm inl 
T P K ]
For a l l  te s ts , a i r  flow ra te  In to  each cy lin d e r assumed equal. Thus 
% 1 x  ■ S a lr  ■ V 2 ‘  ’ -TOSS *  l O - Z H E S H H S r
V  T["KI
D.2.S In le t  a i r  teeperrture
Instrument descrip tion  i  Thermocouple Type J
A pp lica tion  t F itte d  in to  a i r  in le t  tank
Output t o  i  F luke  2240A D ata logge r . th  c o ld  j i in c t lo n
compensation to  provide an output In  degrees
centigrade. x
D.2,6 Exhaust pressure
Instrument de, y  Ip tlon  : 
A pp lica tion  z
Water manometer
F it te d  to  exhaust m a n ifo ld  o f  engine to  
p ro v id e  a d i f f e r e n t ia l  pressure between the  
mean exhaust pressure and atmospheric.
D.2,7 Transfer p o rt d if fe re n t ia l pressure
Model
Appl Ica tlo n
Instrument descrip tion  : D i f f e r e n t i a l  p ie z o - e le c t r i c  p re s s u re  
transducer 
t K ls t le r
: W interthur, Switzerland 
: 7251
$ F it te d  across one p a ir  o f  t r a n s fe r  p o rts  f o r  
purpoves o f  balancing a i r  flo w  rates in to  each 
c y l in d e r .  P r o te c t io n  In  case o f  e n g in e  
b a c k f ire  p rov ided  by taps* which were o n ly  
opened when th e  tr a n s fe r  p o r t  p ressures were 
being balanced.
S eria l number t 42036
Range t 0 -  1 bar
S e n s it iv ity  : 2460 pc/bar
Output to  : K ls t le r  charge a m p lif ie r  model 5001.
0.3 Data Processing
In o rder to  reduce the time required to  c o l le c t  a l l  output data fo r  each 
te s t ,  the te s t  procedk'e was com puterised. P re v io u s ly *  th e  combustion
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chamber pressures were captured by means o f  a tra n s ie n t recorder and thus 
hard copied using an X~Y p lo t t e r .  Th is  procedure was tim e-consum ing 
because a l l  desired graphs had to  be p lo tte d  before the commencement o f  
th e  n ex t te s t .  In  a d d it io n ,  th e  gathered data was lo s t  once th e  te s t  
pressures were recorded. Monitoring o f the p lo t te r  and manually w r it in g  
1n th e  sc a le s  and t i t l e s  o f  e»ch graph was te d io u s  and prone to  e r ro r  
during the excitement o f te s t in g .
r . te r ln a t lo n  re q u ire d  th e  In s ta l la t io n  o f some a d d itiona l equipment 
hiX'1 I t  Incorporation In to  the o v e ra ll system. I t  1s th is  and the actual
computer program used which Is  discussed In th is  section.
D.3.1 CkKsputarlzatfon requirements
Pressu re -tim e  tra c e s  o f  each combustion chamber, and th e  d i f f e r e n t ia l  
pressure between them, were requ ired  to  be a b le  t o  ana lyse  any charge
t ra n s fe r  across th e  in te r - c y l In d e r  connecting p o r t .  A p lo t  o f  th e
d i f f e r e n t ia l  pressure (measured between one t ra n s fe r  p o r t o f  each 
e yM n d o r)*  and o f  th e  spark Ig n it io n  w ith  respec t to  TDC to  enao le  
accura te  measurement o f  th e  Ig n it io n  tim in g  was a ls o  programmed. The 
add ltfena l equipment required on the engine was a t r ig g e r  mechanism and a 
spark Ig n it io n  sensor.
T rigge r c i r c u i t
A t ra n s ie n t  data re co rde r re q u ire s  a t r ig g e r  to  sample th e  Inpu ts  from  
the engine’s Instrum entation In  f in i t e  steps. The TOC’s o f  both pistons 
were used to  tr ig g e r  the recorder, since on motoring the engine w ith  the 
e le c t r ic  s ta r te r , TOC’s co incide accurately w ith  th a t  chamber’s maximum' 
pressure. The tr ig g e r  c i r c u i t  could be monitored using an osc illoscope  
and adjusted to  coincide w ith  the peak pressure very accurately.
A s ta in le s s  s te e l d is c  w ith  one s i  I t  c u t In  was mounted between th e  
engine and th e  c o u p lin g  (F ig u re  09). The c ircum fe rence  o f  th e  d is c
ro ta te d  w ith in  an o p t ic a l e m it te r  sensor u n i t  (Texas Instrum ents T IL " 
143). The vo ltage  comparator c i r c u i t  (Figure DIO) registered an output 
o f  5 v o lts  con tinuously to  the tra n s ie n t recorder u n t i l  the s l i t  o f  the 
d is c  passed between th e  p ickup . The com parator then  re tu rned to  a 
quiescent s ta te  o f  approximately 0,2 v o lts .  The tr ig g e r  c i r c u i t  o f the 
t ra n s ie n t recorder sensed the drop In vo ltage , and recorded the Incoming 
data a fte r  a predetermined number o f  step voltages.
ENGINE v'dtoge
Compar­
ator
SLIT-
COUPLING TRANSIENT 
RECORDER
1 2
0,2V-
Flguro D9 -  Operation o f  TDC tr ig g e r  c i r c u i t
10KA i k a
OUT
TIL
Figure DIO -  Voltage comparator c i r c u i t
Ig n it io n  tim in g
The spark Ig n it io n  was monitored by passing both spark plug leads through 
a c u rre n t tra n s fo rm e r* th e  o u tp u t o f  which was tra n s fe r re d  d i r e c t l y  to  
the tra n s ie n t recorder.
0 .3 ,2  Incorpora tion  In to  Instrumentation system
A l l  outputs from the three charge a m p lifie rs * as w e ll as those jfrom the 
TDC vo ltage  comparator and the Ig n it io n  tim ing  cu rren t transform er, were 
fed to  the  tra n s ie n t recorder. When a te s t  was conducted* the tra n s ie n t 
recorder* which had been continuously sampling the above data from the 
engine a t  a predetermined sample ra te , was locked, and retained the la s t  
se t o f  data s to re d . T h is  In fo rm a tio n  co u ld  thus be tra n s fe r re d  to  the  
computer and e ith e r  s to red  on d is k e tte s  o r  p lo t te d *  using th e  computer 
program.
D.3.3 Computer program
The computer program was w r it te n  In  BASIC fo r  the  HP 9616 computer by 
N Lane and has formed the  bas is  f o r  most o th e r engines te s te d  In  the  
Mechanical Engineering Labora to ry , The program fo r  the present te s ts , 
together w ith  th e ir  re su lts , are Id e n tifie d  by the t i t l e  ’ YAMAHA*.
The f i r s t  requirem ent fo r  the  program was to  use th e  data s tored in  th e  
tra n s ie n t recorder to  produce scaled graphs o f  the fo llow ing :
1. Pressure In the m ixture cy lin d e r vs tim e.
2. Pressure In the a ir  cy lin d e r vs tim e.
3 . Superposition o f the mixture and a i r  c y lin d e r pressures.
4 . D ifference between the mixture and a ir  cy lin d e r pressures.
5. D iffe re n tia l pressure across the tra n s fe r po rt o f  each cy lin d e r.
6 . Spark Ig n it io n  tra ce . ,
A l l  o f  th e  above were p lo t te d  w ith  headings, a x is  sca les  and th e  TDC
marker.
The second requirement (which was not used In the present study), was to  
process manually recorded data ( fo r  example, o r i f ic e  pressure drop, fu e l 
consumption fit each c y lin d e r. In le t  a i r  temperature# and engine torque 
and speed) to  c a lc u la te  a l r - f u e l  r a t io s ,  power, brake mean e f f e c t iv e  
pressure and brake s p e c ific  fu e l consumption. (
A flo w  ch a rt o f the program shows th a t each te s t  1s assigned a te s t  coda
before the  data 1s transferred onto d isc (Figure O il).
021
INPUT
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Figure D ll -  Flowchart wf computer program
/E .l Intended Test Procedure
Knowing th a t both carbure tto r a i r  t h r o t t le  se ttings  had to  be balanced 
fo r  equal a i r  mass flow * I t  was decided th a t the th ro t t le s  be fixed  fo r  a 
series o f  te s ts  (Figure E l). The loading and spark tim ing (adjusted fo r  
MBT) would be v a r ie d  across as wide a speed range as p o s s ib le . A f te r  
completing a range o f tests* the AFR on the a i r  c y lin d e r would be leaned 
out to  another s e ttin g , and the procedure repeated.
The maximum sa fe  runn ing  speed* co n s id e r in g  the  in h e re n t la c k  o f  even 
prim ary re c ip ro c a tin g  fo rce  balance In  t h is  engine was I n i t i a l l y  
estim ated  to  be no more than 3000 re v /m lh * w h ll e the  minimum speed was 
found to  be approximately 600 rev/mfn.
INCREASING 
LEAN SETTING 
!N AIR 
CYLINDER
I
600 SPEED (rpm) 3000
Figure E l -  Intended power-speed curves fo r  one a i r  th ro t t le  se tting
E2
The re s u lta n t power—speed graph would provide a useful means o f  monitor­
ing the re s u lts  during te s tin g  and se lecting  any trends In performance. 
Constant speed In fo rm a tio n  co u ld  a ls o  be obta ined ( fo r  example, MBT, 
spark tim in g , AFR, engine s ta b i l i t y ,  engine knock, pressure d if fe re n t ia l 
across in ter—c y l inder connecting po rt).
The combustion chamber pressure curves would be useful to  monitor:
1. The o ve ra ll nature o f  ro b u s t  ion.
2 . The onset o f knock,
3. S ig n ific a n t changes .F e ren tia l pressures o f  the combustion
chambers.
E.2 Results Obtained
An in i t i a l  te s t run (te s t code 1), w ith  both fue l needles f u l l y  open, low 
engine 1oadlng (app rox im a te !y  7 Nm) a t speeds o f  1210 re v /m ln , showed 
1 arge combust'on pressure f l  a c tu a tio n s  in  both c y lin d e rs  (F igu res  E2, 
E3). The m ix tu re  c y l in d e r  ( c y l in d e r  1) a tta in e d  peak combustion 
pressures o f  ove r 27 ba r, b u t these  a lte rn a te d  w ith  peak pressures o f  
on ly  9 bar. The a ir  c y lin d e r (c y lin d e r 2) behaved v is u a lly  id e n t ic a lly ,  
bu t a l l  peak pressures are lower by about i  bar,
The exhaust pressure o f the  a i r  c y l in d e r  rose th roughou t success ive  
p lo tte d  cyc les, as re fle c te d  in  the  trace o f  d if fe re n t ia l pressure across 
the  in te rc y lin d e r connecting p o rt (Figure E4).
MBT was found no t to  be s e n s it iv e  t o  spark t im in g . F igu re  ES shows th e  
spark t im in g  to  be 55° b e fo re  TDC. C onsidering the  low speeds and th a t  
the  engine Is  a two-stroke engine, th is  va lue is  extremely advanced. The 
shapes o f a l 1 pressure curves however Indicate th a t the spark tim ing  was 
close to  optimal and th a t no knock was observed.
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E7
During the fo llo w in g  te s t  session* the Intended performance curves (as In 
F igure  E l) were attem pted. Three re s u lts  ( te s t  code 09108501 to  
09108503) were obtained before the coupling overheated (Tab'e E l, Figures 
E6 -  E20). For each te s t the loading was Increased w ithout varying the 
leanness o f the a ir  cy lin d e r.
Table E l -  Test re su lts , code 09108501 -  09108503
PARAMETERS UNITS TEST
09108501
TEST
09108502
TEST
09108503
Speed rpm 1680 1513 1485
Torque Nm 2,30 3,65 8,60
kW 0,405 0,578 1,337
A ir  fue l ra t io  -  a ir - 2,94:1 3,43:1 3X 3:1
cy lin d e r (by mass)
A ir  fu e l ra t io  -  m ixture 6,62$ 1 7,90:1 7,90:1
cy lin d e r (by mass) 
Spark Ig n itio n  tim ing “ Before TDC 48 40 22
Exhaust presssure mm H20 110 130 220
Test code 09108501
Despite  an advanced Ig n i t io n  tim in g  o f  48° b e fo re  TDC, th e  pressure 
tra c e s  obta ined fo r  both c y l Inders show s i 1ght s igns o f  la te  pressure 
rises  fo r the  high le v e l pressure cycles (peak pressures approximately 20 
ba r). A power o f  0,405 kW was devel oped w ith  an o v e ra l 1 AFR o f  4,78:1. 
The exhaust pressure was ve ry  h igh  (110 mm HgO), which suggests a 
blockage In the exhaust passage.
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Test code 09108502
Th is  t e s t  d if fe re d  From the  p rev ious  one In  th a t  th e  power o u tpu t was 
ra ised  to  0*578 kW and th e  speed lowered to  1513 rem/mfn. A spark 
I g n it io n  tim in g  o f  40° be fo re  TDC, and an o v e r a l l  a i r  fu e l '•a t lo  o f  
5,67:1 Improved th e  c y c l ic  peak v a r ia t io n  and th e  la te  presssura r is e  
found in  th e  p re v io u s  te s t .  The engine appeared to  bo running b e tte r ,  
possibly owing to  Increased load.
Test code 09106503
On Further increasing the engine load to  1,337 kW output a t 1485 rev/m ln, 
the spark tim ing  fo r  MBT was found to  be In the region o f 22° before TDC. 
The o v e r a l l  APR was 5 ,67 :1 , th a t  Is , s im i la r  t o  th a t  o f th e  p rev ious  
te s t. The tra n s ie n t recorder sample ra te  had been increased to  observe 
pressure v a r ia t io n s  ove r a g re a te r number o f  c y c le s . Peak pressure 
v a r ia t io n  between c y c le s  was as h igh as 3 ba r, a lthough  t h is  d id  not 
o fte n  occur. The pressure d if fe re n c e  between the  c y lin d e rs  remained 
reasonably constant a t  1 bar (Figure E 19).
The next te s t  a t Increased load did not succeed since the engine s ta lle d .  
The spark t im in g  was ad justed  in  an a ttem pt to  e l im ina te  I t ,  bu t to  no
The engine was next run s ta r t in g  w ith  h ighe r load  (Test 09108504) and 
opening the a ir  t h r o t t le  wider. A t an Ig n ftfon  tim ing  o f  39° before TDC# 
> speed o f  1500 re v /m ln , and an In d ica te d  to rque  o f  15 Nm, th e  pressure 
curves obtained In te s t  09108504 (Figures E21 to  E25) were cons is ten tly  
low (app rox im a te ly  10 b a r). T h is  pressure concides w ith  th e  pressure 
ob ta ined  when th e  engine was motored w ith o u t ig n i t io n  a t  650 re v /m ln , 
suggesting lack o f  f ir in g .
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For the f in a l  te s t  th e  main fu e l je t s  were rebored to  2.5 mm and the 
P le rburg  fu e l f lo w  meters were c a l (b ra ted  and fn s ta l le d  (Append 1x D» 
pp 07). Given th e  analogue o u tp u t o f  these meters* I t  was decided to  
p lo t  the drop 1n pressure across the  a i r  f lo w  o r i f i c e  a g a in s t the 
required fu e l flow  fo r  a desired AFR. The engine could then be run a t  a 
fixed  a lr - th r o t t le  se ttin g , and the fue l needles adjusted to  d e liv e r  the 
correct fue l flow  fo r  each c y lin d e r fo r  the Indicated o r i f  fee pressure
For example 1 f the desired AFR = 12,5
q ,1r = 7,73356 x lo " *  I PCKPqIa hfmm] 
I T [el<]
Thus = 6,1868 x 10"
Each cy lin d e r has a f i t te d  c a lib ra tio n  curve.
For the mixture cy l Inder t
q f *  -0,013997 + .2 * where! = scale reading (1 /h r)
qf  ■ actual f lo v  (g/s>
Substitu ting : -0,013997 + .2x  qfs  ■ 6,1868 x 10"* Ptkfal&hfm iT lI
T f K ]
- J
W
ZD
5
O '
H
I
(M/n m o u  nand aaainoay
On tho te s tin g  day th a t th is  graph was used:
patm “  * . * 4  KPa
T1n » 22,4 °C = 295,55 °K.
Thus qfs  ■ 1,63574 x 10“  UhCmm]) + 0,07 C l/h r] CE13
S im ila r ly , fo r  the a ir  cy lin d e r:
qfs  = 1,59289 x 10” ' (ihCimd)* -0,1226 C l/hr3 CEZJ
S ubstitu ting  a range o f  values fo r  Ah In to  equations [E l]  and CE2] gives 
the required flo w  rate to  be displayed by the fu e l flow  meters fo r  each 
cy lin d e r a t an a fr - fu e l ra t io  o f  12,5:1 (Figure E26).
Attempting to  use th is  method proved to  be d i f f i c u l t  and did not provide 
the desired engine response. The engine did not run s u f f ic ie n t ly  s ta b ly  
to  a t t a in  co n s ta n t a i r  and fu e l f lo w  ra tes  which cou ld  be adjusted 
a c c u ra te ly . Tho tim e la g  between a d ju s tin g  the  fu e l needles and the 
engine response was lo n g , and th e  engine d id  n o t run a t  a l l  w ith  the 
increased AFP's towards 12 ,5:1. The o r i f ic e  c o e f f ic ie n t  c a lc u la t io n s  
were Immediately checked.
A c a lc u la t io n  was a lso  i,ude to  estimate the required a i r  mass flo w  rate 
based on th e  swept volume o f  the  engine a t  a c e r ta in  speed. An 
e ff ic ie n c y  o f 70% was used ( th is  is  reasonable fo r  a two-stroke engine).
A ir  requirements per engine cycle :
Engine swept volume a fte r  the In le t  ports have closed:
V,c -  760 x 10™° -  *  (0 ,0 8 2 f (0,015X2) 
V jq » 601,57 x 10”  * ma
E32
Volumetric e ffic ie n c y :
Fresh a i r  required per cyc le  » ^ v» V g
» 0»7 » 601,57-10” 4 
= 4,21 x lO-1* /cyc le
At engine speed o f  1500 rpm = Ifoo  = 25 cycles/s
Fresh a i r  requirement « 4*21 x 10"^ x 25
= 10,52 x  JO” 3 * * / s  — 10,52 x 10” *  kg/s
The engine running a t  1500 rpm. In d ica te d  a pp rox im a te ly  180 mm drop 
across the o r i f ic e .  Thus to ta l a i r  flow
Thus the o r i f ic e  ca lcu la tions  were cross-checked.
The la s t  te s t  was an attempt to  raise the engine speed. Neglecting the 
previous requirement o f  balancing the tra n s fe r p o rt pressures, each a ir  
t h r o t t le  was va rie d  1n tu rn .  The engine s ta l le d  whenever the  a i r  
c y l in d e r  t h r o t t le  was opened. However when th e  m ix tu re  c y l in d e r  was 
opened fu rth e r than th a t o f  the a ir  cy lin d e r th r o t t le ,  the engine ran to  
fa r  higher speeds than those p rev ious ly  atta ined. The speed was1 In  the 
v ic in i t y  o f  2500 rpm and resu lted  In severe v ib ra tio n  due to  the engine 
Im balaiice. T h is  caused th e  co u p lin g  to  o ve rhea t and th e  rubber to  
c o lla p s e . A s e r ie s  o f  pressure p lo ts  was taken a t  t h is  co n d itio n  
(F1t,ur®s E27 -  E31), and w ith  th e  Ig n it io n  t im in g  se t a t  32° BTDC fo r  
MST. The pressure tra c e s  showed no s igns o f  knock, b u t th e  p e c u lia r  
add itiona l change in  slope before the exhaust po rt opened was present.
W  = % X 7.73356 x 10 
q-TOT "  10,97 x 10"3 kg/s
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